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ABSTRACT
During development individual neurons have to reach specific locations in 
the embryo to form a connected nervous system. Molecular complexes form between 
receptors expressed on the surface of the developing axon and molecular guidance 
cues in the extracellular environment, to guide the neuron to the correct location. 
Synapses then connect the axons with their target location. This thesis describes the 
interactions between the IgLON family of cell adhesion molecules and how these 
interactions affect their function during neuronal development.
There are four members of the IgLON family in chick, namely LAMP, 
OBCAM, CEPU-1 and Neurotractin. They are highly glycosylated proteins, 
predominantly anchored by a GPI anchor to the extracellular surface of the cell 
membrane. Initially, the comparative strengths of homophilic and heterophilic trans 
interactions of CEPU-1, OBCAM and LAMP were established. Generally trans 
heterophilic interactions within the family have a higher affinity than homophilic 
interactions, LAMP having the highest heterophilic affinity for CEPU and OBCAM. 
The lowest affinity of all the trans interactions tested was the LAMP homophilic 
interaction.
Data is presented to suggest IgLONs also interact in cis to form heterodimeric 
complexes or Diglons. These putative Diglons affect the trans binding affinity for 
IgLON-FC recombinant proteins, possibly due to a conformational change altering 
the availability of the IgLON binding site. Biochemical and imaging studies provided 
additional physical evidence for the Diglon complex.
Inhibition of the initiation of neurite outgrowth from chick forebrain neurons 
was found to be dependent on the presence of two IgLONs in the extracellular 
environment to suggest formation of putative Diglon heterodimeric complexes 
facilitates IgLONs to function as negative axon guidance cues.
IgLONs have no cytoplasmic domain so are reliant on being part of a 
molecular complex on the surface of the cell membrane for signal transduction. 
Assays measuring neurite outgrowth from chick forebrain neurons suggested signal 
transduction for Diglons is linked to trimeric G 0/i membrane proteins and/or to Rho 
GTPases.
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Chapter One
INTRODUCTION
Beginnings of the nervous system
The development of the nervous system starts with invagination of a region 
of the embryonic ectoderm layer to form the neural plate (Munoz-Sanjuan and 
Brivanlou, 2002). This region closes to become the neural tube and goes on to 
differentiate into the brain regions and spinal cord of the central nervous system 
(CNS). A whole range of molecules are secreted by, or expressed on, the surface of 
embryonic cells to enable this development. There are at least four principle 
signalling molecules, Fibroblast growth factors (FGF), retinoic acid, Sonic hedgehog 
and Bone morphogenic proteins (BMP) involved during this stage of development 
(Wilson and Maden, 2005).
Below the neural tube is the notochord, a transient structure derived from the 
mesoderm, which is responsible for organising the ventral part of the embryo 
(Placzek et al., 1990; Stemple, 2005). One of the main secretions from the notochord 
is Sonic hedgehog which forms a gradient for the development of the floor plate 
region (Jessell and Dodd, 1990) located along the ventral midline of the neural tube 
(Ericson et al., 1995). The inner mesoderm layer segments into somites, regions that 
eventually form the dermis, skeletal muscle, and vertebrae (Wilson and Maden, 
2005). The dorsal region of the neural tube, namely the roof plate, also plays a 
crucial role in organising the embryo, in a similar way to the floor plate (Lee et al., 
2000). BMPs are secreted from the ectoderm in a gradient out from the roof plate to 
induce the formation of neural crest cells. These neural crest cells migrate out and 
away from above the roof plate to give rise to most of the peripheral nervous system, 
(PNS) as well as a wide variety of other cell types within the organism (LaBonne and 
Bronner-Fraser, 1999; Rao, 2004).
Neuroblasts form between these two regions to give rise to the different types 
of neurons of the nervous system. Motor neurons emanate from the ventral region, 
whereas sensory neurons emanate from ganglia in the dorsal region of the embryo. 
Intemeurons form distinct trajectories and circuits to link these two regions. FGFs, 
produced by the mesoderm, are thought to be neuronal-inducing signals which are 
subsequently down regulated by retinoic acid before neuronal differentiation takes 
place (Chizhikov and Millen, 2005).
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Chapter One
Axons are guided to specific locations in the developing embryo
Typically, a neuron is a complex cell comprising of a cell body, with one end 
extending a long axon and from the other end a branching network of short dendrites 
project. For a functional nervous system to develop these axons and dendrites have to 
extend and form a connected network throughout the length of the organism.
In 1890 Ramon Y Cajal examined sections of spinal cord stained with silver 
chromate and first identified a specific region at the tip of the developing axon 
described as the growth cone. In 1907 R.G. Harrison studied neurons in culture over 
extended time periods and suggested axons actually extended from a single neuronal 
cell body.
Electron photomicrographs demonstrated the growth cone constantly puts out 
lamellipodia and filopodia to probe the immediate extracellular environment. These 
dynamic structures rapidly respond to molecular guidance cues the growth cone 
meets causing the axon to either extend or retract, thus navigating the developing 
neuron to its appropriate target location (figure 1.1).
Guidance cues can either be contact-mediated, providing a short range cue or 
a gradient of secreted molecules, providing a more long distance cue The growth 
cone spatially and temporally expresses a variety of receptors to respond to the 
immediate extracellular environment (Lin and Holt, 2007). The transient interactions 
between these guidance cues and receptors (figure 1.2) negotiate the axons path to its 
correct target location (Dickson, 2002). Once at the target axons make specific 
contacts, or synapses to form neuronal circuits and connect the nervous system to 
each area of the organism (Vogt et al., 2005; Waites et al., 2005).
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Figure 1.1 Structure of an axonal growth cone
In this scanning electron photomicrograph the growth cone tip of a developing 
sympathetic neuron has extended filopodia to probe the extracellular environment 
and direct progression of the axon. Photomicrograph courtesy of Dr. Graham 
Clarke, a former member of our research group at Liverpool University.
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+
Contact guidance cues
+
+
Secreted 
long range 
guidance cues
Figure 1.2 Axonal guidance cues
Illustration of how an axon (green cartoon) is guided through the developing embryo 
(green cartoon). At the tip of the axon is the sensitive growth cone region which is 
attracted in the direction of the positive contact cues (+ signs) and long range 
secreted guidance cues (blue spheres) and is repelled away from the negative cues (- 
signs and red spheres). Transient interactions between specific receptors expressed 
on the surface of the developing axon and these guidance cues steer the axon to 
reach its correct target location (figure adapted from Huber et al., 2003).
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Axon guidance is dependent on specific molecular interactions
The growth cone region of the developing axon has to integrate a plethora of 
extracellular molecular cues to reach its target (Wen and Zheng, 2006). Guidance 
cues act as ligands activating specific receptors expressed on the surface of the 
growth cone (Chilton, 2006; Halloran and Wolman, 2006). There are several families 
of guidance molecules responsible for steering the developing axon to its correct 
target location.
Netrins
Netrin-l is a secreted molecule first identified as a guidance cue for 
commissural axons in the vertebrate nervous system (Serafini et al., 1996). Netrin-l 
acts either as a positive or negative guidance cue depending on the receptor complex 
expressed on the surface of the axon (Chisholm and Tessier-Lavigne, 1999; Mehlen, 
2003). For example, Netrin-l interacts with the deleted in colorectal cancer (DCC) 
receptor to promote growth cone extension and attracts commissural axons to the 
midline (Serafini et al., 1996). However, extension of the growth cone is converted to 
repulsion when uncoordinated (UNC-5) is co-expressed on trochlear motor axons 
(Colamarino and Tessier-Lavigne, 1995; Hong et al., 1999).
Slit
Most CNS axons are initially attracted toward the midline of the developing 
embryo, some actually cross the midline and then move away, whilst others are 
repelled and prevented from crossing. Co-ordinated expression of several guidance 
cues and their associated receptors is required to enable axons to cross the midline in 
this complicated way so as to connect the two symmetric halves of the nervous 
system. For example vertebrate commissural neurons are born in the dorsal spinal 
cord and their axons are first drawn to the midline by netrin, which emanates from 
the ventral floorplate (Kennedy et al., 1994). These axons cross the floor plate, turn 
longitudinally on the opposite (contra lateral) side, progress along the floor plate 
toward the brain. Commissural axons express the roundabout (Robo) receptor which 
responds to secret gradients of repulsive slit proteins at the floorplate (Brose et al., 
1999; Hu, 1999; Kramer et al., 2001). A slit-dependent interaction then occurs 
between Robo 1 and the netrin receptor DCC to silence commissural axons 
sensitivity to netrin gradients enabling them to cross the midline (Stein and Tessier- 
Lavigne, 2001; Dickson and Gilestro, 2006). The Robo receptor is then re-expressed
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once the axon has past the midline preventing it from crossing back again (Keleman 
et al., 2002; Keleman et al., 2005).
Semaphorins
Secreted Semaphorins also play a role in midline crossing. Semaphorins are a 
large family of molecules highly conserved in evolution from invertebrates to 
mammals (Rothberg et al., 1990) found in both embryonic and adult tissue 
(Tamagnone and Comoglio, 2004; Yazdani and Terman, 2006). During development, 
both secreted and membranes bound semaphorins form homodimers and then 
actively signal by forming complexes with members of the plexin and neuropilin 
(NP) receptor families expressed on the surface of axons (Raper, 2000). Plexins are 
essential components of the receptor complex to transduce the semaphorin 
extracellular signal across the axonal cell membrane to cytoplasmic signalling 
cascades (Tamagnone and Comoglio, 2000). Some classes of semaphorins bind 
directly to plexins, however, class 3 secreted semaphorins (Serna 3A) requires NP as 
an obligatory ligand-binding co-receptor to bind to the plexin receptor (Kolodkin et 
al., 1997; Takahashi et al., 1999).
Wnt
Another secreted guidance molecule to play a role at the midline is Wnt. 
Commissural axons initially do not respond to Wnt proteins until after they cross the 
midline, but once past the midline they become immediately attracted to Wnt which 
promotes their anterior progression. Wnt attraction is likely to be mediated by 
expression of Frizzled 3 receptor on the surface of commissural axons (Zou, 2004). 
Ephrins
Ephrins are a different type of guidance molecule as they are membrane 
bound and require cell-cell contact with adjacent cells expressing their associated 
Ephrin (Eph) tyrosine kinase receptor in order to influence axonal growth (Cutforth 
and Harrison, 2002; Huot, 2004; Wilkinson, 2001) and synaptic plasticity (Knoll and 
Drescher, 2002) Class A Ephrins are attached to the membrane by a glycosyl 
phosphatidyl inositol (GPI) anchor, whereas class B Ephrins have a cytoplasmic 
tyrosine kinase domain. A Ephrins generally bind transmembrane Eph A receptors 
and B Ephrins generally bind to Eph B receptors (Kullander and Klein, 2002). The 
amino terminals of Eph receptors and Ephrins form cis dimers and then go on to 
interact with each other to form tetrameric trans complexes between apposing cell
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surfaces mediating a bi-directional signal. The Eph-receptor expressing cell 
transduces a “forward” signal and the Ephrin-ligand expressing cell transduces a 
“reverse” signal, both cells being influenced by the signal (Murai and Pasquale, 
2003). Specific spatial expression of gradients of Ephrins and Eph receptors are 
particularly important during the development of the retinal tectal system dictating 
the guidance of retinal ganglion cells axons into precise layer patterns to form the 
retinocollicular topographical map (Knoll and Drescher, 2002; Huot, 2004; Erskine 
and Herrera, 2007). Ephrins and Eph receptors also have a role at the midline, in 
hindbrain rhombomere development, migration of neural crest and during 
synaptogenesis (Klein, 2001).
Table 1.3 summarises the families of axon guidance molecules. Specific 
complexes formed by interactions between these guidance molecules and receptors 
expressed on the neuronal cell surface dictate whether the axon extends, turns and 
finally halts to form synaptic connections at the target location.
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Secreted guidance 
molecules
Receptor Activity
Netrin DCC Chemo-attractive gradient
Netrin DCC/UNC Chemo-repulsion gradient
Semaphorin class 3 Plexin/neuropilin(L 1) Chemo-repulsion gradient
Slit Robo Chemo-repulsion gradient 
Silences netrin chemo-attraction
Wnt Frazzled
Derailed
Chemo-attractive gradient 
Chemo-repulsion gradient
Contact guidance 
molecules
Ephrins Eph Predominantly repulsion
Semaphorin class 1 & 
4
Plexin A& B Repulsion/attraction
Figure 1.3 Axonal guidance molecules involved during development
Table outlines the families of molecules recognised as neuronal guidance molecules 
and their associated receptors. Guidance molecules are either secreted by target 
location to form a gradient in the extracellular environment, or are attached to a 
target cell membrane to provide a contact guidance cue.
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Alterations in the cytoskeleton directs axonal progression
Once activated by extracellular ligands, receptors on the surface of the 
developing axon signal through to the cytoskeleton and bring about changes in actin 
filaments and microtubules to steer the axon to its target (Zhou et al., 2002). The 
proximal regions of the growth cone have a region of lamellipodia and filopodia 
which are rich in actin filaments (Mallavarapu and Mitchison, 1999) whereas 
microtubules are located more to the distal region of the growth cone, but translocate 
to the proximal region to contribute to actin assembly and progression of the neuron 
(Mitchison and Kirschner, 1984; Suter and Forscher, 2000). The hypothesis is that as 
the growth cone meets a chemo-attractive gradient, or a contact attractive cue, actin 
is polymerised at the leading edge and this initially drives the growth cone forward. 
Microtubules explore the region, are captured, stabilise the actin filaments (Gordon- 
Weeks, 1991) (Gordon-Weeks and Fischer, 2000) then guide the elongation of the 
advancing axon (Dent and Gertler, 2003; Dent and Kalil, 2001). As one side of the 
growth cone selectively advances in response to a positive cue, the opposing side 
retracts so the growth cone moves towards the cue (Kalil and Dent, 2005). Guidance 
cues often activate actin and myosin-associated binding proteins to bring about these 
required changes in the cytoskeleton Actin binding/capping proteins prevent actin 
polymerisation on the retracting side; whereas assembly, anticapping and nucleating 
proteins promote polymerisation in response to the positive cues. As the growth cone 
turns and progresses, bundling/cross linking and actin binding proteins promote the 
extension of the actin filament, recycling proteins providing the extra actin 
monomers required (Dent and Gertler, 2003). Ena protein associate with the barbed 
end of the growth filament, preventing capping and recruits profilin (Bear et al., 
2002). Profilin in turn enhances assembly by catalysing ADP-bound actin monomers 
to active ATP-actin for polymerisation onto the growing barbed end, elongating the 
actin filament (Faivre-Sarrailh et al., 1993). N-Wasp, a nucleating protein, activates 
the Arp2/3 complex of seven highly conserved proteins to promote branching of new 
filaments (Goldberg et al., 2000). Finally, actin-severing proteins ADF/cofilin and 
gelsolin disassembly F-actin by removing monomers from the minus pointed end of 
the filament, important for the recycling of actin monomers (Endo et al., 2003; Lu et 
al., 1997; Meberg, 2000; Meberg and Bamburg, 2000). Myosin II is the motor 
protein thought most likely to be associated with F-actin bundling and retrograde
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flow maintaining a supply of actin monomers and so plays an important role in actin 
dynamics and axon guidance (Lin et al., 1996).
Microtubule associated proteins are less well understood. They initially 
orientate and then assist with the capture and stabilization of microtubules by the 
newly polymerised actin filaments (Baas, 2002). Microtubules undergo enzyme 
directed post-translational modification which is essential for their function. High 
levels of tyrosination being associated with dynamic microtubules and increased 
acetylation with the stabilisation of microtubules (Baas and Black, 1990; Barra et al., 
1988). Acetylation and detyrosination by microtubule associated proteins occurs on 
the protruding side helps to stabilise the extending growth cone (Buck and Zheng, 
2002; Dent and Gertler, 2003).
Guidance molecules signal to the cytoskeleton of the progressing 
axon
Several signalling pathways initiate changes in actin and microtubule 
associated proteins which then alter the cytoskeleton and so direct axonal growth. 
These pathways are interconnected and rely on second messengers, such as cyclic 
nucleotides cAMP, cGMP or calcium; levels of which can alter response of the 
growth cone.
The RHO signal pathway is one pathway linking guidance cues to specific 
cytoskeleton proteins to bring about axonal guidance during neuronal development 
(figure 1.4 adapted from Huber et al., 2003). There are three members of RHO 
GTPase proteins thought to be involved in axon guidance, namely Cdc42, Rac and 
Rho A. Regulation of these Rho proteins is through GTPase-activating proteins 
(GAPs) and GTPase nucleotide exchange factors (GEFs), GEFs exchange GDP to 
GTP and activate Rho GTPase signal, whereas GAPs stimulates endogenous RHO 
GTPase activity thus inactivating signal transduction. Axon guidance molecules 
activate receptors are coupled to GAPs and GEFs, which in turn modulate actin 
binding proteins to regulate actin assembly and myosin ATPase activity. Rho A 
proteins promote axon retraction by affecting the actin assembly protein cofilin, 
whereas Rac and Cdc42 promote actin polymerisation and axonal projection by 
affecting actin associated proteins like Arp2/3 complex (Higgs and Pollard, 2001) N- 
Wasp (Rohatgi et al., 1999) Ena and profilin (Bear et al., 2002).
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Figure 1.4 Effect of the RHO signalling pathway on actin filaments
Many axon guidance molecules signal to modulate the Rho family of GTPase 
proteins, Rho, RAC and Cdc 42. Actin monomers (black circles) are assembled at the 
extending + end of the actin filament and disassembled at the -  end. GEFs activate 
Rho kinase (ROCK), initiating a phosphorylation cascade through Lim kinase 
(LIMK), and Cofilin to prevent actin assembly and growth cone progression. ROCK 
also maintains phosphorylation of Myosin to promote retrograde flow of F-actin by 
inhibiting myosin light chain kinase (MLCK) limiting the availability o f actin 
monomers for assembly at the plus end of the filament. Slingshot, a serine/threonine 
phosphatase re-activates Cofilin. In contrast GEFs activating Rac and Cdc42 
promote actin assembly by binding to N-WASP to activate the Arp2/3 complex and 
promote actin nucléation and branching. Rac also promotes actin assembly via p 21 
activated kinase (PAK) inhibition of myosin light chain kinase (MLCK) ensuring 
myosin remains un-phosphorylated and actin assembly continues. Another positive 
regulator of actin assembly is Ena association with the barbed + end of the actin 
filament to prevent capping and allows actin polymerisation. Profilin in turn is 
localised to the cytosolic side of membrane associates with actin monomers and 
directs them to the positive polymerising end of the filament. Figure adapted from 
Huber et al., 2003).
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Guidance molecules are located in lipid rafts on the axonal 
membrane
The physical location of receptors within the growth cone cell membrane is 
important during axonal development. Several receptors, along with their associated 
axon guidance molecules, are often required to locate to precise areas within the 
membrane described as lipid rafts. Location to this region facilitates the formation of 
complexes that initiate signalling mechanisms and so direct axonal growth. For 
example, the localisation of DCC to rafts was found to be a pre-requisite for 
intracellular transmission of the netrin-1 signal and extension of outgrowth from 
commissural neurons (Herincs et al., 2005). Lipid rafts also play a role in Ephrin 
signalling (Gauthier and Robbins, 2003) and in signalling by secreted molecules such 
as Semaphorin 3A, brain-derived growth factor and glial-derived neurotrophic factor 
neurotrophins. These ligands require association with their specific receptors and 
location to lipid rafts to transducer a signal across the axonal membrane (Guirland et 
al., 2004; Kamiguchi, 2006b).
Lipid rafts are regions in the cell membrane rich in cholesterol and 
sphingolipids to give them a more ordered lipid environment, which may be 
important for signal transduction figure 1.5, (Nakai and Kamiguchi, 2002). These 
regions are detergent insoluble and have a low density, allowing them to be isolated 
by detergent extraction and centrifugation through a sucrose gradient (Simons and 
Ikonen, 1997; Brown and London, 2000).
Fluorescent resonance energy transfer assays suggested between 20-40% of 
cell surface GPI anchored cell adhesion molecules are located to rafts less than 5 nm 
in size, composed of around four diverse molecules (Sharma et al., 2004). Antibody 
patching and cross-linking experiments further suggested individual rafts cluster 
together, possibly to facilitate signal transduction (Friedrichson and Kurzchalia, 
1998; Flarder et al., 1998). Proteins within a raft are modified by specific local 
kinases or phosphatases to initiate downstream signalling pathways and are protected 
from non-raft phosphatases (Simons and Toomre, 2000).
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A Lipid structures
cholesterol phospholipids sphingolipkis
B Membrane phases
Figure 1.5 Lipid raft structure
Diagram to illustrate how the addition of cholesterol alters the plasma membrane 
structure (based on a figure taken from (Munro, 2003). Part A represents the three 
classes of lipids found in eukaryotic cell membranes. Phospholipids and 
sphingolipids have a head group R and acyl chains. Part B illustrates the effect of 
lipid components on the type of membranes. When only phospholipids are present the 
membrane has a more gel like structure whereas the addition of cholesterol (hatched 
ovals) orders the acyl chains of the phospholipids and provides a more fluid 
membrane.
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The role of cell adhesion molecules in axonal development
In addition to specific guidance molecules cell adhesion molecules (CAMs) 
of the Integrin, Immunoglobulin super family (IgSF) (Rougon and Hobert, 2003) 
Cadherin families (Juliano, 2002; Ranscht, 2000) and secreted molecules, such as 
neurotrophins (Huang and Reichardt, 2001; Sofroniew et al., 2001) also influence 
axonal progression. Integrins interact with extracellular matrix (ECM) molecules, 
such as laminin and fibronectin (Clegg et al., 2003) whereas cadherins and IgSF 
molecules interact with other CAMs expressed on the surface of opposing cells to 
mediate cell-cell adhesion (Takeichi, 2007). CAMs and cadherins being dependent 
on location to lipid rafts to promote axonal extension (Nakai and Kamiguchi, 2002).
The role of cell adhesion molecules during synaptogenesis
Upon reaching the correct location the axon or dendrite has the potential to 
form a whole host of interactions to innervate target cells, but tight regulation of 
interactions between intercellular adhesion molecules ensures specific adhesive 
contacts or synapse junctions form to facilitate communication (Chen et al., 2007a; 
Muller et al., 2008).
Synapse formation is complicated due to the enormous heterogeneity of the 
cells involved, but basically follows three stages of contact initiation, recruitment of 
pre/post-synaptic proteins, and finally stabilization. Cadherins are involved with 
target recognition; protocadherins for target selection (Frank and Kemler, 2002; 
Serafini, 1997; Shapiro and Colman, 1999; Takeichi, 2007) SynCAM and 
neuroligins promote presynaptic differentiation and drive recruitment of synaptic 
proteins (Biederer et al., 2002; Levinson et al., 2005; Sara et al., 2005). Finally 
several adhesion complexes including neuroligins (Chih et al., 2005) neurexin (Dean 
et al., 2003) nectin (Mizoguchi et al., 2002), cadherins, Integrins and members of the 
IgSF stabilise the synapse (Friedman et al., 2000; Gerrow and El-Husseini, 2006; 
Hopf et al., 2002). The two sides of the synapse are linked by puncta adherent 
junctions (van Driel et al., 1990).
Several members of the IgSF have been found to play a role in 
synaptogenesis. For example, Sidekick 1,2 concentrate at pre and post synaptic sites 
in largely non-overlapping subsets of retinal axons associated with promoting 
lamina-specific connectivity in the inner plexiform layer of the retina (Yamagata et
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al., 2002). In the cerebellum neurofascin, and LI has been located to basket neurons 
forming synapses with Purkinje cells (Ango et al., 2004).
At chemical synapses the membrane on the presynaptic side of the axon 
contains vesicles loaded with neurotransmitters, whereas the postsynaptic dendritic 
membrane expresses a wide range of transmembrane, cytoskeleton, and signalling 
proteins ready to respond to the release of neurotransmitters to facilitate 
communication (Lardi-Studler and Fritschy, 2007).
An outline of some of the CAM’s involved in linking the axon to the 
dendritic site of a connecting neuron at synaptic junctions is given in figure 1 .6  
(Yamada and Nelson, 2007).
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Presynaptic Axon
Linked to actin cytoskeleton
iynC A M  Neurexin Ephrin LAR Cadherin Nectin 3 N-CAM  L1 Protocad
S l i n t
iS yn C A M  Neuroligin Eph B LAR Cadherin Nectin 1 N-CAM  L1 Protocad
Linked to actin cytoskeleton
P ostsynaptic Dendrite
Figure 1.6 Molecular interactions involved during synaptogenesis
Figure adapted from Yamada and Nelson, 2007 outlines some of the proteins 
involved during synaptogenesis. Red double arrows represent homophilic 
interactions, whereas blue arrows heterophilic interactions. The green lines 
represent the Puncta adherents which link the presynaptic and postsynaptic 
membranes. Some of the membrane proteins are proposed to link to the cytoskeleton 
and may direct the growth cone into forming the synapse.
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IgSF of cell adhesion molecules
The IgSF family are important during all stages of development and go on to 
play an important role in the adult. Members of the IgSF are characterised by the 
presence of a specific Ig motif, first identified in immunoglobulin proteins. There are 
several subfamilies with varying numbers of Ig and fibronectin type III (FN III) 
repeat extracellular domains. They are predominantly cell surface proteins, either 
with a transmembrane domain, or are attached by a GPI anchor to the cell surface, 
associating them with lipid rafts. Some transmembrane members of the family 
possess additional tyrosine kinase or phosphatase intracellular cytoplasmic domains 
(Crossin and Krushel, 2000). DCC, UNC, LI and Robo members of the IgSF act as 
receptors for axon guidance molecules.
Neuronal cell adhesion molecules (N-CAMs) are a specific group of IgSF 
molecules expressed on the surface of most neuronal cells that play a major role in 
development of the nervous system. The homophilic cell-cell interactions between 
N-CAMs are capable of promoting axonal extension over a variety of cells such as 
astrocytes, Schwann and muscle cells (Brackenbury et al., 1987; Chiba and 
Keshishian, 1996) and also play a role in regulating the effect of growth factor 
signalling molecules (Ditlevsen et al., 2008). At the target location N-CAMs have an 
important and diverse role in synaptogenesis, and continue to regulate synaptic 
plasticity associated with learning and memory in the adult (Doherty et al., 1995).
N-CAMs
There are three major isoforms of N-CAMs in humans, classified by their 
apparent molecular weight, N-CAM 180 is expressed mainly on neuronal cells, 
whereas N-CAM-120 is associated with glial cells and the third isoform N-CAM 140 
is expressed by both neuronal and glial cells (Noble et al., 1985). The extracellular 
domain of all three isoforms consists of five Ig domains and two FN-III domains, 
whereas the intracellular domains vary, isoform 140 is GPI anchored, whereas 120 
and 180 isoforms have a cytoplasmic domain. The optional insertion of a variable 
alternative spliced exon (VASE) in the fourth Ig domain and posttranslational 
addition of poly-sialic acid (PSA) to the fifth Ig domain further modifies the N-CAM 
family. Expression of PSA decreases during development and is only found in areas 
with a high degree of plasticity in the adult. In contrast the VASE exon increases
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during development, leading to the hypothesis that an increase in VASE expression 
and a decrease in PSA act in concert to switch N-CAM from a plasticity-promoting 
molecule to a stability-promoting molecule. The decrease in PSA allowing the 
formation of a more compact “zipper like” interaction between Ig domains 1&3 and 
both Ig 2 domains as the N-CAM molecules form homophilic transmembrane (trans) 
interactions, whereas PSA-N-CAMs are less tightly packed in a “one-dimensional 
zipper” that favours association with the fibroblast growth factor receptor FGFR 
(Ronn et al., 2000).
The cytoplasmic domains of N-CAM 140 and 180 have no known catalytic 
activity per se to initiate an intercellular signalling pathway so are reliant on 
extracellular and intracellular binding partners to activate downstream signal 
complexes. The FGFR plays an essential role in N-CAM mediated axonal extension 
((Kiselyov et al., 2003; Neiiendam et al., 2004; Saffell et al., 1997). Whilst the exact 
mechanism of N-CAM activation of FGFR is not fully understood, it is hypothesised 
that 85% of N-CAM is present on the cell surface as a dimer, once activated by a 
trans N-CAM homophilic interaction clusters of FGFR bound N-CAM molecules 
increase the local concentration of FGFR enabling dimerization and activation of the 
FGFR (Kiselyov et al., 2005). N-CAM 140 and 180 are found both within and 
outside lipid raft areas of the membrane. Raft-associated N-CAM 140 can signal 
independently of the FGFR, probably via the FYN/FAK complex, raft-excluded N- 
CAM 140 signals mainly via the FGFR (Niethammer et al., 2002). N-CAM 180 and 
140 are targeted to lipid rafts due to palmitoylation of four residues in the 
intracellular juxtamembrane region whereas N-CAM 120 is assumed to locate to 
lipid rafts via its GPI anchor (Neiiendam et al., 2004).
LI
LI is another IgSF transmembrane glycoprotein comprising of 6  Ig domains 
and 5 FN III repeats (Brummendorf and Rathjen, 1996) and is crucial for axon 
elongation. LI is regulated by being internalised into the central domain of the 
growth cone and then recycled back to the leading edge, where it is phosphorylated 
by a raft associated Src kinase allowing it to remain on the cell surface (Kamiguchi, 
2006a). LI is required for the correct formation of the pyramidal tract, connecting 
cerebral cortical motor neurons and interneurons to the spinal cord. Neurons from LI
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deficient mice were found not respond to the repulsive signal Sema 3A secreted from 
the ventral spinal cord, suggesting cross-talk occurs between LI and Sema3A 
signalling pathways during axon guidance in the corticospinal tract. LI was found to 
associate in cis with NP-1 through their extracellular domains to become an essential 
part of the NP-Plexin-Sema3A receptor complex (Castellani et al., 2000). An 
additional trans interaction of LI with the Ll-NP-1 cis complex switches secreted 
Sema3A activity from repulsion to attraction. Co-immuno-precipitation and binding 
assays revealed that extracellular domains of LI and Npn-1 interact via a specific 
trans binding site; mutational studies located the site to Ig domain 1 of LI. Thus cis 
and trans interactions with LI influence the response of progressing axons to Sema 
3A signalling (Castellani, 2002).
IgLON IgSF
This thesis studies how specific interactions between different members of 
the IgLON family of IgSF CAMs have an influence on developing axons. The name 
IgLON refers to three members of the family LAMP, OBCAM and Neurotrimin 
(Pimenta et al., 1995). Mammalian members of the IgLON family are opiate-binding 
cell adhesion molecule (OBCAM) (Schofield et al., 1989) limbic system-associated 
membrane protein (LAMP) (Brummendorf et al., 1997; Hancox et al., 1997; Wilson 
et al., 1996; Zhukareva and Levitt, 1995) Neurotrimin (Ntm) (Struyk et al., 1995) 
and the fourth member of the family, kindred-IgLON (Kilon) (Funatsu et al., 1999). 
In the chick there are two homologue proteins, cerebellum-Purkinje-1 (CEPU-1) for 
Neurotrimin (Spaltmann and Brummendorf, 1996) and Neurotractin for Kilon (Marg 
et al., 1999). GP55 protein is a related chick adult glycoprotein that contains a 
mixture of IgLONs (Wilson et al., 1996). Table, figure 1.7, gives an outline of the 
IgLON family.
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Mammalian
protein
LAMP OB CAM Neurotrimin Kilon
Chick
homologue
LAMP OBCAM CEPU-1 Neurotractin
Abbreviation LAMP OBCAM Ntm/CEPU-1 KILON/Ntr
Gene name LSAMP OPCML HNT NEGRI
Figure 1.7 IgLON family members
Table illustrates members of the IgLON family of cell adhesion molecules, giving 
their name in mammals, the chick homologues, and abbreviations used in this thesis 
along with their gene name.
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Structure of IgLONs
The structure of IgLONs consists of three extracellular Ig domains with a GPI 
anchor which locates them to lipid rafts regions on the surface of the cell membrane 
(figure 1.8). IgLONs are conserved, sharing a high sequence homology within the 
family, for example CEPU-1 has a 78% sequence homology to Ntm, 6 8 % identity 
with OBCAM and 54% with LAMP (Spaltmann and Brummendorf, 1996). As a 
monomer IgLONs migrate to approximately 55 kDa in size on immuno-blots (Struyk 
et al., 1995; Spaltmann and Brummendorf, 1996; Brummendorf et al., 1997). Chick 
Neurotractin has an additional two Ig domain shorter isoform of 37 kDa in size 
(Marg et ah, 1999). IgLONs are all highly glycosylated, which increases their 
molecular mass by > 20%. In chick there are several different isoforms of IgLON 
proteins; OBCAM, CEPU-1 and LAMP have a l  & a2 isoforms, which differ in that 
the a l  has a longer N-terminal signal peptide sequence (Lodge et ah, 2000) CEPU-1 
and LAMP have P isoforms, with an additional exon region adding 11 or 12 amino 
acid sequences downstream of the third Ig domain (Lodge et ah, 2000; Spaltmann 
and Brummendorf, 1996). The function of this additional sequence is as yet 
unknown. CEPU-1 has a secreted isoform CEPU-1-Se, lacking the GPI anchor 
(Lodge et ah, 2001). This research group has isolated a similar secreted isoform of 
OBCAM (unpublished data).
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Figure 1.8 Structure of IgLON cell adhesion molecules
IgLONs predominantly have 3 Ig domains, except for a short isoform of Ntr which 
has only has 2 Ig domains. There are ¡3 isoforms of LAMP and CEPU-1 with an 
additional exon region, but no such isoform has been isolated for OBCAM. IgLONs 
are generally GPI anchored onto the cell membrane, but there is a secreted isoform 
CEPU-1 se identified lacking this GPI anchor. Figure courtesy of Mark Howard
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Expression of IgLONs
Expression of the IgLON family is found throughout the nervous system both 
during development and in the adult. In early development IgLONs are thought to 
play a role in the migration and differentiation of neuronal precursors in the brain 
and retina, expressions increases going on to modify axonal outgrowth, finally 
IgLONs are proposed to be involved in synaptogenesis. Expression is relatively 
higher in the adult and may have a role in synapse plasticity, associated with memory 
and learning and in regeneration of neurons post injury. Outside of the nervous 
system IgLONs are thought to have an additional role acting as tumour suppressor 
genes.
IgLON expression during early neuronal development
In the early stages of development IgLONs are thought to be involved in 
differentiation of brain regions. Using double in situ hybridization, alongside specific 
mid-hindbrain markers, faint CEPU-1 expression was found in the anterior ectoderm 
region of the chick embryo, migrating mesenchyme and becomes more intense in the 
neural plate region. As the embryo develops CEPU-1 mRNA expression becomes 
located to a broad band relating to the forebrain, midbrain and anterior hindbrain 
areas, but by embryonic day (E) 2 narrows to a distinct band at the isthmus, or 
midbrain-hindbrain boundary (Jungbluth et al., 2001).
LAMP mRNA expression was detected in the anterior region of the neural 
tube and on most of the migrating neural crest cells, whereas CEPU-1 was not found 
in these areas. At the level of the trunk, LAMP was detected in the notochord, 
moving on to the floor plate. These results suggest IgLONs may be involved in the 
interaction and segregation of neuro-epithialium and neural crest cells (Kimura et al., 
2001). At this early stage of development the expression of IgLONs is similar to that 
of several important receptor molecules including Wntl, FGF8 , EphB3, so the 
authors suggest IgLONs could potentially be functioning as part of a receptor 
complex (Kimura et al., 2001).
Our research group has in situ hybridization data showing expression of 
CEPU-1, OB CAM and LAMP IgLONs in the notochord of E3 chick embryos with 
CEPU-l/CEPUse and OBCAM being expressed by the floor plate, suggesting 
IgLONs may be associated with inducing the differentiation of neural plate midline
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cells into the floor plate. Expression of the fourth IgLON, Neurotractin, was not 
found at this early stage of development in this study (Sahar Youssef PhD thesis 
Liverpool University 2006).
IgLON expression during axonal development
As the embryo develops, expression patterns of IgLONs suggest they may 
play a role in modifying axonal development. In the brain, LAMP is expressed 
primarily by cortical and subcortical neurons of the limbic system and medial 
nucleus of the thalamus, parts of the brain ultimately associated with cognitive 
behaviour, learning, memory and autonomic function (Levitt, 1984; Horton and 
Levitt, 1988; Pimenta et al., 1996; Reinoso et al., 1996). The early restricted 
expression pattern of LAMP in the thalamo-cortical regions was proposed to be 
responsible for selectively guiding axons to specific regions of the cerebral cortex. 
LAMP was suggested to attract limbic thalamic axons expressing LAMP and repel 
nonlimbic thalamic axons, which do not express LAMP (Mann et al., 1998). 
However, no obvious differences were observed in axonal projections in the knock 
out mouse to support a role for LAMP in axonal path finding (Catania et al., 2008) 
Ntm (CEPU-1) is highest in primary sensory and motor regions of the rat brain. 
Expression appears to be restricted to post mitotic neurons with increased expression 
around E15 in the rat forebrain (Struyk et al., 1995; Gil et al., 2002). OBCAM 
expression is predominantly in the cerebral cortical plate and hippocampus regions of 
the brain (Struyk et al., 1995; Miyata et al., 2003b). Kilon (Ntr) is detected at 
embryonic stage E16 in rat brain and gradually increases during development. Kilon 
is found in the cortex and throughout the hippocampus in early postnatal rats. 
Expression alters in the adult as levels of Kilon decrease in the cortex, but remain 
high in the cerebellum and dentate gyrus region of the hippocampus. The dentate 
gyrus region of the hippocampus being an area where neurogenesis can take place 
and also where new memories form (Funatsu et al., 1999; Brauer et al., 2000). Ntr 
expression is found in chick on subsets of developing commissural and longitudinal 
axon tracts in the central nervous system, expression increasing during development 
and persists in the adult (Marg et al., 1999).
IgLONs also play a role in the development of the nervous system outside of 
the brain region. At E7 LAMP is expressed in the optic fibre layer of the chick retina
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and the tectum suggesting LAMP may play a role in the development of the visual 
system (Brummendorf et al., 1997). At E3 CEPU-1 expression has been associated 
with guiding motor axons innervations of limb muscles (Kim et al., 1999).
Co-expression of IgLONs
Two members of the IgLON family are often co-expression in particular 
areas and at specific stages of development. Kilon and OBCAM are co-expressed to 
a high degree in the cerebral cortex and hippocampus, both increasing post-natally 
(Miyata et al., 2003b) Expression of Ntm (CEPU-1) often overlaps with OBCAM 
especially in the hippocampus (Struyk et al., 1995). There is also a strong correlation 
of Ntm expression with LAMP. Ntm antibody studies suggested Ntm was present on 
a subset of CNS neurons taken from rat E l6  dorsal root ganglion (DRG) E18 
thalmus, olfactory bulb and hippocampus. When dual stained with specific antiserum 
LAMP co-localised with Ntm on the surface of the majority hippocampal neurons 
(an occasional neuron expressing Ntm alone) and 80-90% of olfactory neurons 
expressed both LAMP and Ntm with only 10% expressing LAMP alone (Gil et al., 
2002).
IgLON expression during synaptogenesis
There is evidence that expression of IgLONs on dendrites maybe linked to 
synaptogenesis and the formation of functional circuits in both brain and retina. 
Expression pattern studies suggest a role for Ntm (CEPU-1) in the formation of 
excitory synapses during cerebellum development and their stabilization on into 
adulthood (Chen et al., 2001). LAMP is initially expressed on axons and dendrites in 
limbic brain tissue, but remains predominantly on dendrites at post-synaptic sites 
postnatally (Horton and Levitt, 1988; Zacco et al., 1990). Kilon has been observed on 
dendrites in the cerebral cortex and hippocampus and on soma of pyramidal neurons 
(Funatsu et al., 1999). Co-staining with post-synaptic vesicle protein synaptophysin 
located Ntr (Kilon) to dendrites (Schafer et al., 2005). Confocal imaging studies 
confirmed both Kilon and OBCAM co-localised on dendrites with the vesicle- 
associated membrane protein 2  (another synaptic marker protein) mainly at post- 
synaptic sites and on somatic synapses in both immature and adult brains (Miyata et 
al., 2003b). Co-expression of Kilon and OBCAM has been described in
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hypothalamic magnocellular neurons, associated with neuronal secretary cells, 
particularly on dendrites (Miyata et al., 2000). Altering the level of expression of 
OBCAM on dendrites of hippocampal neurons suggested an active role for OBCAM 
during synaptogenesis. In these experiments specific antibody and antisense 
oligonucleotides inhibition of OBCAM expression significantly reduced the number 
of synapses, whereas over-expression of OBCAM mRNA increased the formation of 
synapses (Miyata et al., 2003c; Yamada et al., 2007).
Previous immuno-localisation studies on E18 retina frozen sections suggested 
there to be distinctive patterns of IgLON expression in the plexi-form layers of the 
retina, areas high in synapses. Comparison of the relative intensity of staining 
patterns revealed co-expression of LAMP and CEPU-1, but no OBCAM in the outer 
plexi-form layer where bipolar cells form synapses with photoreceptors. All three 
IgLONs were expressed in the inner nuclear layer on cell bodies of amacrine, 
horizontal and bipolar cells. Co-expression of LAMP and OBCAM was 
demonstrated in the inner plexiform layer where retinal ganglion cells form synapses 
with bipolar cells (Lodge et al., 2000). Expression of Neurotractin is also found in 
the plexiform layers.
OBCAM is thought to be required for post-natal development of the visual 
cortex, since OBCAM was one of several genes unregulated at the time of eye 
opening in kittens. Kittens require visual experience and accompanying synapse 
activity to complete this last stage in development of the visual cortex (Prasad et al., 
2002) .
Adult IgLON expression
IgLONs are highly expressed in various adult tissues, both within and outside 
of the nervous system so are not just related to development. Altered IgLON 
expression in the adult is beginning to emerge as having a role in cancer biology and 
mental health.
IgLONs have been suggested to act as tumour suppressor genes, loss of 
expression increasing cell division and leading to particular carcinomas. The loss of 
OPCML (OBCAM) gene expression is associated with epithelial ovarian cancer 
(Sellar 2003) and also with gliomas (Reed et al., 2007). A study comparing 
expression of IgLONs in epithelial ovarian tumours to normal ovarian tissue revealed
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reduced gene expression of OPCML (OBCAM), LSAMP (LAMP) and NEGRI 
(Kilon) but increased levels of HNT (Ntm). The loss of LSAMP and NEGRI was 
correlated to the histology found in a particular type of tumour, with the reduction of 
LSAMP expression leaving patients with a poor prognosis (Ntougkos et al., 2005). A 
loss of OPCML expression and down-regulation of LSAMP has been related to 
familial clear cell renal cell carcinoma (Chen et al., 2007b).
IgLON expression is high in the adult limbic system and cerebral cortex 
linking IgLONs to synaptic plasticity during learning and the development of new 
memories (Levitt, 1984; Pimenta et al., 1996; Struyk et al., 1995; Funatsu et al., 
1999). When LSAMP was over-expressed in rats they become anxious and less 
inclined to explore an elevated plus-maze, (Nelovkov et al., 2003) whereas LSAMP 
deficient mice were less cautious and increased their activity in exploration of a 
novel maize (Catania et al., 2008) suggesting IgLONs may have a role in mental 
health.
CEPUse secreted IgLON
There are secreted isoforms of IgLONs; however their function is as yet not 
well understood. Our group identified CEPUse, the secreted isoform of CEPU-1 and 
have unpublished data of a secreted isoform of OBCAM isolated from chick heart 
fibroblast culture medium. RT-PCR also detected co-expression of an alternately 
spliced OBCAM isoform in E3 chick embryos and E15 chick sciatic nerve which 
may be the secreted isoform of OBCAM (Sahar Youssef, PhD thesis Liverpool 
University 2006).
CEPUse mRNA is co-expressed with CEPU-1 mRNA in retina, cerebellum 
and DRG neurons during development and continues to be expressed in the adult 
cerebellum. CEPUse, in the monomeric form, demonstrated no homophilic or 
heterophilic interaction with IgLON-transfected CHO cell lines. However, when 
presented as a dimer CEPUse was able to bind to CEPU-1, OBCAM and LAMP- 
CHO cell lines, suggesting IgLONs must be divalent before they form a trans 
interaction. Experiments using dissociated DRG neurons were unaffected by a 
CEPUse/laminin substrate, but DRG explants cultured on laminin would not extend 
neurites to a region coated with CEPUse, suggesting CEPUse may modulate IgLON 
interactions. CEPUse may possibly alter dimerization, clustering of membrane bound
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IgLONs to prevent trans IgLON interactions, or alter the recruitment of a yet 
unknown transmembrane receptor (Lodge et al., 2001)
In Drosophila there is a secreted IgLON isoform amalgam. Immuno-staining 
of whole mount embryos suggests amalgam is expressed throughout development 
and associates with the cell surface due to a weak hydrophobic region at the C- 
terminus (Seeger et al., 1988). Amalgam has three Ig domains, interacts both 
homophilically and heterophilically as part of a receptor complex to modulate cell 
adhesion and axonal outgrowth. Aggregation assays suggested the first Ig domain is 
responsible for amalgam homophilic interaction. Co-immuno-precipitation suggested 
amalgam interacts with neurotactin and this was confirmed by pull down assays in 
which Schneider 2 cells, transfected with neurotactin, eluted amalgam from 
Drosophila embryo extracts (Fremion et al., 2000). Neurotactin is a type II single 
transmembrane protein belonging to the cholinesterase-homologous protein family. 
Upon activation by amalgam the cytoplasmic region of neurotactin is thought to 
signal via Abl tyrosine kinase through to the cytoskeleton to modulate axonal growth 
(Liebl et al., 2003).
GP55 mixture of IgLONs
A glycoprotein of 55 kDa in size was isolated from adult chick brain and 
found to contain a mixture of IgLONs (Wilson et al., 1996). In a series of neurite 
outgrowth assays, forebrain and DRG neurons were unable to initiate the extension 
of neurites when cultured on a substrate of GP55. Furthermore, an island of GP55 
provided a distinct boundary and restricted neurite outgrowth from DRG and 
forebrain neuronal cell bodies (Clarke and Moss, 1994; Clarke and Moss, 1997). 
These assays suggested IgLONs could potentially play a role as negative guidance 
molecules restricting axonal extension during development. Studies using the Gj/o 
protein inhibitor pertussis toxin (PTX) suggested the involvement of Gl/o proteins as 
part of the receptor complex involved in IgLON signalling (Clarke and Moss, 1994). 
Interactions between individual IgLONs
IgLON-transfected cell lines and IgLON-FC recombinant proteins have been 
used to investigate the interactions between individual members of the IgLON 
family. Binding studies using LAMP-FC recombinant protein bound to fluorescent 
covaspheres confirmed a homophilic interaction for LAMP (Zhukareva and Levitt, 
1995). Immuno-affinity studies of recombinant IgLON-FC proteins binding to
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IgLON transfected cell lines confirmed homophilic and heterophilic trans 
interactions for CEPU-1, OB CAM and LAMP (Brummendorf et al., 1997) (Lodge et 
al., 2000). Ntm-FC (CEPU-1) and OBCAM-FC bound to LAMP-CHO cells, whereas 
no binding was observed with other IgSF molecules, NCAM, contactin, or LI 
recombinant FC proteins. This suggested IgLONs bind heterophilically only within 
the IgLON family and not within other members of the IgSF (Gil et al., 2002). 
Binding studies using the fourth family member Ntr-FC (Kilon) recombinant protein 
with transfected CHO cell lines demonstrated the long (3 Ig) isoform of Ntr has a 
strong heterophilic interaction with CEPU-1-CHO, but only a weak interaction with 
LAMP-CHO and no homophilic interaction. The shorter isoform of Ntr also had a 
strong interaction with CEPU-1-CHO, but a much weaker interaction with LAMP- 
CHO (Marg et al., 1999). A homophilic interaction for Kilon was confirmed using 
immuno-affinity covaspheres, and a heterophilic trans interactions was demonstrated 
with OBCAM (Miyata et al., 2003b). The binding of recombinant proteins to 
transfected CHO cells showed that the homophilic interactions of CEPU-1 had a 
higher dissociation constant (kd) than of LAMP (Marg et al., 1999). The relative 
homo and heterophilic trans binding affinities between other IgLON family members 
has as yet not been tested.
There is biochemical evidence for both homo and heterophilic cis interactions 
between IgLONs. A CHO cell line expressing myc epitope tagged Ntm (CEPU-1) 
was cross-linked, the IgLONs released from the cell membrane into solution, 
captured and analysed on a western blot for a change in molecular weight. Immuno- 
staining with Ntm antiserum detected a molecular weight shift on the western blot 
suggesting non-covalent Ntm complexes had been released from the cell surface, to 
provide evidence for a cis Ntm homophilic interaction (Gil et al., 1998). Our research 
group has similar unpublished data of cis/trans IgLON interactions from cross- 
linking experiments. Western blots were used to compare the size of IgLON 
complexes released from sub-confluent CHO cells, with those released from 
confluent CHO cells, which have increased cell-cell contact and the potential for 
trans interactions. The sub-confluent cells provided evidence of dimeric IgLONs, 
particularly for CEPU-1 and OBCAM, whereas the confluent CHO cells had strong 
evidence for the formation of larger dimeric and tetrameric complexes for CEPU-1 
OBCAM, but weaker evidence for LAMP complexes. On the surface of sub­
confluent cells (with reduced cell-cell contact) IgLON were most likely to be
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forming cis homodimeric complexes, whereas on the confluent cells the increased 
cell-cell contact produced larger complexes most likely due to the formation of trans 
homotetrameric complexes. Immuno-staining of western blots of IgLONs released 
from cross-linked rat brain cortical tissue gave a significant shift in molecular size, 
consistent with the size of two IgLONs, to provided in vivo evidence for IgLON cis 
complexes (Miyata et al., 2003b).
Using domain deletion, antibody perturbation and covasphere binding 
analysis the function of each individual Ig domain interaction was investigated. Igl 
domain was suggested to enhanced LAMP-induced outgrowth, whilst Igll domain 
was thought to be the heterophilic binding site involved in neurite inhibition, but 
required Igl&III domains for biological activity, with no specific role described for 
IgUI domain (Eagleson et al., 2003)
Function of IgLONs
From the evidence that individual members of the IgLON family bind homo 
and heterophilically in trans, possibly also in cis, axons expressing IgLONs would be 
expected to bind to an IgLON substrate. However, in a series of adhesion and 
outgrowth experiments the ability of chick axons to bind to, and be affected by, 
single IgLON substrates gave results that were confusing and rather inconsistent. 
DRG neurons displayed some preference for adherence to CEPU-l-FC over 
OBCAM-FC, but there was very little adhesion to LAMP-FC. Adherence of 
sympathetic neurons was slightly increased on CEPU-l-FC substrate, but there was 
no significant adhesion to OBCAM-FC or CEPU-l-FC. DRG and sympathetic 
neurons express LAMP, CEPU-1 and low levels of OBCAM (Wilson et al., 1996; 
Lodge et al., 2000) so they would be expected to adhere to all IgLON substrates 
including LAMP through heterophilic trans interactions with their surface IgLONs.
Furthermore, initiation of neurite outgrowth from DRG neurons was 
unaffected when single IgLON-CHO cells and individual IgLON-FC proteins were 
used as a substrate. Even a mixture of IgLON-FC recombinant proteins had no effect 
on neurite outgrowth (McNamee et al., 2002). This was unexpected since adult GP55 
protein (containing a mixture of IgLONs) was able to inhibit initiation of neurite 
outgrowth from DRG and forebrain neurons (Clarke and Moss, 1994; Clarke and 
Moss, 1997).
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Other groups have tried to elucidate the function of individual members of 
the IgLON family with varying results. Telencephalon neurons, with high expression 
of Ntr, were cultured on Ntr-FC. The long 3 Ig isoform of Ntr-FC promoted 
adhesion, but had no significant effect on promoting neurite extension, whereas the 2  
Ig short isoform mediated only weak adhesion interaction with CEPU-l-CHO and an 
even weaker interaction with LAMP-CHO (Marg et al., 1999). In a stripe assay, 
hippocampal neurons appeared to prefer the long Ntr isoform substrate (Schafer et 
al., 2005)
In vitro outgrowth assays comparing LAMP expressing limbic neurons to 
non-limbic neurons (not expressing LAMP) showed LAMP promoted adhesion and 
branching of limbic axons, but reduced branching from non-limbic axons, however 
LAMP was not essential for outgrowth of limbic fibres per se (Zhukareva and Levitt, 
1995). Stripe assays comparing outgrowth from limbic thalamic with that from 
cortical neurons on recombinant LAMP-FC protein suggested LAMP displayed a bi­
function activity, attracting limbic thalamic axons by homophilic interaction; whilst 
repelling nonlimbic thalamic axons. LAMP was proposed to be preventing those 
axons not expressing LAMP from innervating inappropriate regions in the limbic 
cortex (Mann et al., 1998).
Ntm-FC protein bound homophilically in trans to rat DRG and hippocampal 
axons expressing Ntm (Zhukareva and Levitt, 1995; Gil et al., 1998). Ntm was also 
suggested to have a bifunctional effect on neurites, supporting DRG and to a lesser 
extent hippocampal axonal outgrowth, but inhibiting neurite outgrowth from 
sympathetic neurons (not expressing Ntm). Cultures of DRG neurons (expressing 
Ntm, but lower levels of LAMP or OBCAM) on a substrate of LAMP-CHO cells had 
reduced length of neurite outgrowth which suggested a heterophilic trans interaction 
between Ntm and LAMP had inhibited neurite extension (Gil et al., 2002).
In all these experiments enhancement of neurite length was minimal (~10- 
12%) possibly not significant enough to direct axonal outgrowth in vivo. The 
experiments used recombinant proteins which may have an altered conformation to 
IgLONs found in vivo, since the FC portion may prevent IgLON heads forming 
complexes. So far, individual IgLONs have not been able to replicate GP55 
inhibition of adhesion or outgrowth of neurites and no definite function in axon 
guidance has been established for single IgLONs.
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Aim of thesis
This thesis focuses on the homo and heterophilic interactions between CEPU- 
1, OBCAM and LAMP. The proposal is two different members of the IgLON family 
form cis heterodimers on the surface of axons. Trans interactions between 
heterodimeric IgLONs then go on to inhibit the initiation of neurite outgrowth from 
forebrain neurons.
Since IgLONs are widely expressed both within and outside of the nervous 
system, play a role during development and have a function in adulthood, 
understanding how they interact may help provide advances in various fields; 
including neurodegenerative conditions, mental health and cancer biology.
In this thesis cis interactions describe those within the plane of the membrane, 
as opposed to trans interactions which form between the axon and the extracellular 
environment. Cis and trans interactions can be homophilic, between the same 
molecule, and heterophilic, between different molecules (figure 1 .9 ).
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Figure 1.9 Cis and trans molecular interactions
Interactions that occur within the plane of the membrane are described as cis 
interactions, whereas transmembrane (trans) interactions occur between molecules 
on opposing membranes. The yellow crosses represent homophilic interactions i.e. 
between the same members of the IgLON family occurring in cis (light blue arrows). 
The orange block arrows and triangles represent heterophilic interactions between 
two different members of the family, as a receptor (block arrows) or as a ligand 
(triangle in cis (dark blue arrows). The cis complexes form additional homophilic 
and heterophilic trans interactions between adjacent membranes (grey and black 
arrows). Blue circles are secreted molecules in the extracellular environment that 
interact with cis and trans complexes to further modify axonal development. Specific 
temporal and spatial expression of molecules in the extracellular environment (blue 
circles, darker yellow crosses and orange triangles) and expression of their 
associated receptors on the surface of growth cone (light yellow crosses and orange 
block arrows) are all involved during development of the nervous system.
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MATERIALS AND METHODS
2.1. IgLON-FC recombinant protein production
Recombinant IgLON- FC recombinant proteins were prepared from transfected 
cell lines (Howard et al., 2002). To prepare these cell lines individual IgLON 
sequences, for a2|3CEPU-l(Z72497) a20BCAM (Y08170) and a  1 LAMP (Y08171) 
(GenBank accession numbers) minus their GPI anchor and stop codon were cloned 
into the pIG plasmid vector which contained the FC sequence, plus a signal sequence 
(kind gift from Frank Walsh). Once translated, omission of the GPI anchor sequence 
prevented the IgLON locating to the cell membrane; omission of the stop codon added 
an FC sequence directly onto the IgLON, the additional signal sequence then direct 
expression of the recombinant IgLON-FC protein for secretion. The recombinant 
protein sequence was sub-cloned into pcDNA3 (Wilson et al., 1996; Lodge et al., 
2000). Linearized pcDNA3 plasmids containing the CEPU-l-FC and OBCAM-FC 
IgLON sequences was electroporated into J588L mouse myeloma cells; and the 
transfected myeloma cells were selected by G418 antibiotic resistance.
CEPU-1 and OBCAM-FC expressing myeloma cells were cultured in a 
Vivascience miniPERM bioreactor to produce approximately l-10mg protein/lOOml 
culture medium (Howard et al., 2002). Briefly, the myeloma cells were cultured in the 
bioreactor for 7 days and the culture medium was harvested, cell debris was removed 
by centrifugation and filtration through a 0.45 um pore filter, and COMPLETE™ 
protein inhibitor cocktail (PIC Promega) was added to prevent endogenous protease 
activity. The pH of the medium was adjusted to 8.0 with 2 M trizima base pH 8.0 and 
passed through a Protein A agarose (Sigma) bead column to purify the recombinant 
protein from the culture medium. The column was washed with 10 mM trizima base 
pH 8.0 buffer and recombinant protein was eluted from the column in fractions by 
adding 0.2 M glycine at pH 2.5. The pH of the protein fractions was adjusted back to 
pH 8  with 2 M trizma base pH 8.0 and the fractions were analysed for IgLON-FC 
recombinant proteins.
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Preparation of LAMP-FC protein
LAMP-FC was produced from transfected CHO cell lines cultured for 4 days 
in 150cm dishes in medium containing 5% low IgG serum (Hyclone) by the same 
method. 2 pl of each fraction was dot blotted onto nitrocellulose and stained with 
1:10,000 LAMP specific antiserum followed by 1:10,000 horseradish peroxidise 
conjugated rabbit anti rat antibody (Dako) diluted in western blocking buffer 
containing 1% Bovine serum Albumin (BSA) figure 2.1.A. The fractions containing 
LAMP-FC were pooled and the protein concentration measured using Invitrogen 
Quantit™ system and the purity of LAMP-FC assessed by non-reduced LDS-PAGE 
using the Invitrogen NUPAGE™ 3-8% Tris-acetate gel system. Gels were stained with 
1% Coomassie blue dye in 20% methanol plus 10% glacial acetic acid; excess stain 
removed with 20% methanol plus 10% glacial acetic acid. Coomassie protein staining 
of LDS-PAGE separation of purified proteins from culture medium revealed a single 
major protein band of 120 kDa, suggesting LAMP-FC, CEPU-l-FC and OBCAM-FC 
recombinant proteins were the main proteins eluted by protein A agarose beads figure 
2.1.B. Analysis by western blot (section 2.13) stained with LAMP specific antiserum, 
confirmed that the major band was LAMP-FC protein figure 2.I.C. Similar western 
blots confirmed the production of CEPU-l-FC and OBCAM-FC recombinant proteins 
(data not shown).
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1
control
Figure 2.1. A Dot Blot identification of fractions containing LAMP-FC
After 4 days incubation culture medium was collected from LAMP-FC-CHO cells and 
recombinant LAMP-FC protein was purified from the culture medium on a Protein A
nitrocellulose, along with 2 ul of a LAMP-FC positive control and stained with LAMP 
rat antiserum (details section 2.2) followed by HRP conjugated rabbit anti rat 
antibody, at dilutions of 1:10,000, visualised with chemiluminescence and exposure to 
Kodak film. LAMP-FC was detected in the first four fractions so these were pooled 
and further analysed.
200 |ig/ml 1 mg/ml
M w t  C  L  O  C  L  O
1 2 3 4 5 6 7
Figure 2.1.B Coomassie staining of LDS-PAGE separated proteins
Proteins eluted from CEPU-l-FC, LAMP-FC and OBCAM-FC (C, L, O) expressing 
cells at concentrations o f200 jLlg/ml in lanes 2-4 and 20 pi samples of 1 mg/ml in lanes 
5-7, were evaluated on a LDS-PAGE stained with Coomassie blue protein dye. When
bands were ~120 kDa in size, the size expected IgLON-FC recombinant proteins. 
Since there was only one predominant band of at each concentration the protein 
prepared from culture medium appeared to be predominantly IgLON-FC and not to be 
significantly contaminated with other non-specific proteins.
column in fractions of 0.5ml. 2 ul amounts of each fraction was Dot blotted onto
-120 kDa
compared to Invitrogen molecular weight marker See Blue™ lane 1, the single protein
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-120 kDa 
-55 kDa
Figure 2.1.C Western blot identification of LAMP-FC protein.
Lane 1 contains 10 pi of the pooled protein fractions isolated from the LAMP-FC- 
CHO cell medium by the Protein A column. Lane 2 contains a 5 pi sample of 
monomeric LAMP as a positive control for the LAMP rat antiserum (monomeric 
LAMP being prepared by PiPLC enzyme digestion of LAMP from the surface of 
LAMP-CHO cells, details section 2.12). LAMP specific rat antiserum detected 
monomeric LAMP -55 kDa in size in the PiPLC supernatant and LAMP-120 kDa in 
size in the pooled isolated protein fractions lane 1 (sizes compare to molecular weight 
marker not shown). This western blot confirmed the major protein -120 kDa in size 
highlighted on the previous Coomassie gel as being LAMP-FC.
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2.2. Polyclonal IgLON antisera production
Briefly 50 pg of recombinant proteins CEPU-FC, LAMP-FC and OBCAM- 
FC were used for initial sub- cutaneous inoculation, and as subsequent boost 
injections, into individual Wistar strain male rats. Specificity of each antisera 
obtained was determined by PAGE and western blotting against CEPU-1, LAMP and 
OBCAM individual IgLONs (Wilson et al., 1996; Lodge et al., 2000). Covlab 
laboratories commercially produced polyclonal rabbit CEPU-1 and OBCAM antisera 
from respective IgLON -FC proteins.
2.3. Tissue culture of CHO-cell lines
CHO cell lines were routinely cultured in Dulbecco’s modified Eagle’s 
medium DMEM/F12 medium plus Glutamax (Sigma) containing 5-10% foetal calf 
serum, (Hyclone/GIBCO) 2 mM glutamine (GEBCO) 100 U/ml penicillin and 100 
[ig/ml streptomycin (GIBCO) in 5% CO2 atmosphere, at 37°C. Once confluent, cells 
were washed in Hanks balance salt solution minus calcium and magnesium ions 
(HBSS (-), GIBCO) and routinely passaged by trypsinization in 1% trypsin/EDTA 
(GEBCO) in HBSS (-) and reseeded at a ratio of 1:5 to 1:10 every 3-7 days. For some 
experiments cells were counted using a Haemocytometer and plated at a specific 
density.
2.4. Preparation of IgLON-CHO cell lines
Briefly oc2(3CEPU-l, a2 OBCAM and ocl LAMP cDNAs were cloned into 
pcDNA3 plasmid vectors (Lodge et al., 2000). Wild type Chinese hamster ovary-Kl 
cells (WT-CHO) were transfected using Effectene (Qiagen) reagent with the 
individual IgLON plasmid vectors. CHO cells expressing the IgLON-pcDNA3 
plasmids were selected due to accompanying antibiotic resistance by culturing in 
DMEM/HAMs F12 growth medium containing 400 |ig/ml G418 antibiotic 
(McNamee et al., 2002). Confirmation of 100% stable transfection of the cell lines 
was by immuno-cytochemistry (figure 2.6.1). One hour after plating the CHO cells 
were live stained with specific IgLON antiserum to confirm IgLONs were trypsin 
insensitive and were still expressed on the surface of the CHO cells.
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2.5. Live staining of cells with IgLON-FC recombinant 
protein
CHO cells were cultured overnight at 37°C, 5% C02 atmosphere at a density 
of 1.5xl04 cells on glass coverslips in a 24 well tissue culture plate in DMEM/F12 
growth medium (Sigma) containing 10% FCS (Hyclone). The coverslips were 
carefully removed and the CHO cells live stained, in triplicate by adding 30 |il 
aliquots of recombinant protein, diluted to 2.5 fig /ml in 0 Millonig’s 0.12 M 
phosphate pH 7.4 buffer containing 1% BSA onto the coverslips. Following 
incubation for 20 minutes at room temperature (RT) coverslips were drained and dip 
washed three times in HBSS. IgLON-FC protein binding to the CHO cells was 
detected by incubation for a further 20 minutes at RT with 30fil of Texas-Red™- 
conjugated goat anti-human IgG antibody (Jackson laboratories) titred out to a 
dilution of 1:100 in Millonig’s/BSA buffer. Coverslips were dip washed, drained and 
fixed by incubation for two minutes in PBS containing 2% paraformaldehyde in 
PBS. Following washing in HBSS and water, coverslips were dried and mounted in 
Dako™ mounting medium.
2.6. Live staining of cells with IgLON antisera
CHO cells were lived stained with specific antisera to confirm the presence of 
IgLONs on the CHO cell surface by the same method (figure 2.6.1). Triplicate 
coverslips were incubated with 30 |il aliquots of IgLON specific rat antisera titred out 
to a dilution of 1:100 in Millonig’s buffer pH 7.4 containing 1% BSA. Following 
incubation for 20 minutes at RT antiserum binding to the CHO cells was detected by 
incubation for a further 20 minutes with 30|il of goat anti-rat IgG secondary antibody 
conjugated with Texas-Red™ (Jackson laboratories) or in the case of rabbit CEPU-1 
and OBCAM rabbit antiserum Alexa 488™ conjugated anti rabbit secondary 
antibody (Invitrogen) titred out to a concentration of 1:100 in Millonig’s/BSA buffer. 
Secondary antibodies were tested with pre-immune serum and shown to be specific.
Chapter Two
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Adsorption of rat antiserum
Specificity of antiserum was tested by staining CHO cell lines with each 
IgLON anti-serum. Some cross-reactivity was found between CEPU-1 and OBCAM 
so these antibodies were adsorbed against each other. 100 jil of CEPU-1 antiserum 
was diluted to 1ml with 0.12 M phosphate Millonig’s buffer containing 1% BSA and 
placed on a 9 cm tissue culture dish of confluent OBCAM-CHO cells and rocked for 
1 hour at room temperature to remove antibodies recognising OBCAM from the 
CEPU-1 antiserum. Remaining CEPU-1 antiserum was collected from the CHO cells 
and further diluted 1 :1 0 , giving a final concentration of antiserum equivalent to 1 : 1 0 0  
for subsequent staining. Similarly CEPU-1-CHO cells were used to adsorb OBCAM 
antiserum. LAMP did not cross-react with either CEPU-1 or OBCAM so was not 
adsorbed.
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CEPU-l-CHO
LAMP-CHO
Figure 2.6.1 Characterisation of transfected CHO cell tines.
CHO cells were stained with 1:100 dilutions of specific antisera, CEPU-1 with rabbit 
antiserum visualised with 1:100 dilution of Alexa 488 ™ conjugated goat anti rabbit 
secondary antibody, whereas OBCAM and LAMP were stained with rat antisera, and 
visualised by 1:100 goat anti rat Texas Red™ conjugated secondary antibody. The 
first photomicrograph of each pair was taken using Metamorph™ software on a 
LEICA LEITZ DM microscope at x40 magnification under oil. The second, phase 
contrast image, taken in parallel, highlights all the CHO cells on the coverslips. 
Comparison of the two photomicrographs reveals all the CHO cells to be positively 
stained and so indicates the CHO cell lines are 100% transfected to express their 
respective IgLON.
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2.7. Fluorescent microspheres aggregation assay
IgLON homophilic interactions were measured by fluorescent microspheres 
aggregation. Carboxylated, polystyrene microspheres (Polysciences Inc) 1 |im in 
diameter, labeled with fluorescein (excitation max. 445 nm, emission max 500 nm) 
or brilliant blue (excitation max. 365 nm, emission max 435 nm) were covalently 
coupled with 400 pg/ml recombinant protein G (Calbiochem) using the carbodiimide 
method. Briefly the protocol (Polyscience data sheet 238C) to covalently couple 
proteins to the microspheres involved washing 0.5 ml of 2.5% microspheres 
suspension in 0.1 M sodium carbonate buffer (pH 9.6) followed by re-suspension in 
625 jl iI  of 0.2 M sodium phosphate buffer (pH 4.5). The microspheres binding sites 
were activated by adding 625 pi freshly prepared 2% carbodiimide (1-3 
dimethylaminopropyl-3-ethyl carbodiimide hydrochloride dissolved in phosphate 
buffer) to the microspheres drop wise, followed by incubation for 4 hours at RT with 
end-to-end mixing. The microspheres were washed in 0.2 M sodium phosphate 
buffer (pH 4.5) three times to remove any un-reacted carbodiimide, and finally re­
suspended in 1 ml sodium borate buffer pH (8.5). Un-reacted sites on the 
microspheres were blocked by adding 50 pi ethanolamine 2-aminoethanol and 
mixing gently for 30 minutes at RT. The active protein binding sites on the 
microspheres were bound with protein G by overnight incubation in 400 pg/ml 
protein G (Sigma) at RT with end-to-end mixing. The microspheres were washed in 
borate buffer to remove excess protein G and any non-specific protein binding sites 
on the microspheres were blocked by adding 1 ml borate buffer containing 5 % 
ovalbumin for 30 minutes at RT with end-to-end mixing. Microspheres were 
sonicated and a 2 0 % suspension of single microspheres was prepared in 1 0 0  pi 
borate buffer. Individual aliquots of beads were incubated with 2.5 pg of each of the 
IgLON-FC recombinant proteins at RT with gentle agitation for 15 minutes. 
Individual 20 pi aliquots of microspheres bound with IgLON-FC protein were 
diluted with 1 ml FACS Flow™ running buffer (Becton Dickenson) and analyzed 
using the Becton Dickenson fluorescent activation cell sorting, (FACS) Vantage™ 
SE equipped with a laser configured to 488 nm ultraviolet light (Coherent Enterprise) 
and a model 127 He/Ne laser to 633 nm (Spectra-Physics). The number of 
microspheres remaining single as opposed to the number aggregated into clumps was 
determined by analyzing 10,000 events per sample using Cell Quest™ Pro 4.0
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(Becton Dickenson) software. Data was analyzed with SPSS using one-way analysis 
of variance (ANOVA) and PRISM software to present data. Negative controls of 
microspheres coupled with only protein G, and coupled with protein G plus 0x40 
human immunoglobulin were tested alongside those bound with IgLON proteins. 
0x40 protein was kindly donated by Dr. Stuart Marshall-Clarke, Department of 
Human Anatomy and Cell Biology, Liverpool University.
2.8. ELISA assay
ELISA assay measured IgLON homo and heterophilic trans interactions. 
WT-CHO control cells, and CHO cell lines expressing single CEPU, LAMP and 
OBCAM IgLONs on the cell surface were plated out in triplicate at a density of 
3xl04 cells/well into a 96 well tissue culture plate and cultured overnight in CHO cell 
culture medium at 37°C, 5% CO2. The culture medium was removed and replaced 
with 40 fil of individual IgLON-FC recombinant proteins, diluted to 0 pg, 0.1 pg, 1 
fig and 10 |ig/ml in CHO cell culture medium. Following incubation for one hour at 
RT excess recombinant IgLON-FC protein was removed and the individual wells 
washed carefully three times with Dulbeccco phosphate buffered saline (PBS 
GIBCO pH 7.4). The cells were fixed with PBS containing 4% paraformaldehyde, 
plus 120 mM sucrose for 15 minutes and then washed with PBS. IgLON-FC protein 
binding was detected by incubation for one hour at RT with 40 pi of goat anti-human 
FC horseradish peroxidise (HRP) conjugated antiserum, diluted to 1:5000 with 
growth medium. Duplicate washes with PBS followed by 0.05 M phosphate-citrate 
buffer pH 5 containing 0.03% sodium perborate (Sigma, 1 capsule dissolved in 100 
ml deionised water) removed any excess secondary antiserum. Freshly prepare 0.1 
mg/ml 3,3’,5,5’-titramethylbenzidine dihydrochloride (TMB) substrate (Sigma, 1 
mg/ml TMB substrate tablet dissolved in 10 ml phosphate-citrate buffer) was added 
at 75 pl/well and incubate at RT for 30 minutes. The reaction was terminated using 
25 pi of 1 M H2 SO4 (Merck). ELISA plates were then analysed using a jBIO LP 400 
ELISA plate reader at an absorbance wavelength of 450 nm. Visualisation was by 
HRP enzymatic activity producing a colour change in the TMB substrate; thus the 
amount of bound recombinant protein was directly related to the absorbance 
wavelength of 450 nm (Liem et al., 1979). The experiment was repeated three times 
and data was analysed using the Prism programme.
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2.9 Construction of pOIG plasmid vector
Plasmids OBCAM-IRES-GFP (pOIG) and LAMP-IRES-GFP (pLIG) were 
constructed by introducing chicken, a  lOBCAM. sequence (GenBank accession 
number AF292934) and chicken a  1LAMP sequence (GenBank accession number 
Y08171) into the PCapiinkmigiresEGFPm5Clal, (pIRES-GFP) plasmid vector 
(figure 2.9.1). The pIRES GFP plasmid vector was a gift from Jon Gilthorpe, 
Department of Developmental Neurobiology, King’s College London. In this vector 
the p-actin promoter is located upstream of an internal ribosome entry site (IRES) 
and controls expression of the IgLON sequence and enhanced green fluorescent 
protein (EGFP). All molecular biology products were from Invitrogen unless 
otherwise stated.
Cloning strategy
Restriction sites Notl and Clal were required at the 5' and 3' ends of the 
OBCAM sequence to enable cloning of the sequence into the pIRES-GFP vector 
(figure 2.9.2). To prepare the OBCAM sequence for the first cloning step into pSlax 
an Nco 1 site had to be introduced at the 5' end of the OBCAM sequence prior to the 
start site. Polymerase chain reaction (PCR) primer sequences were designed to 
contain a mismatch to the original a  1 OBCAM sequence to generate the required 
Nco-1 restriction enzyme site in an open reading frame upstream of the a  1 OBCAM 
start sequence. PCR on pCDNA3 plasmid containing the a  1 OBCAM sequence DNA 
with these primers generated the OBCAM 1046 base pair (bp), sequence modified 
with an Nco 1 site.
PCR to construct pOIG plasmid vector
forward primer:- 5’-TGGCTGTCGACCATGGGGGTC-3’ and 
reverse primer:- 5’-ATCAAAAGTCGAGGAGGAGGCG-3’
Red bases at the start of the sequence denoting the mismatched sequence that 
generated the Ncol restriction site.
46
Chapter Two
PCR reaction:-
0.1 pg -  0.001 pg Plasmid DNA 1 |o,l
lOmM dNTP mix 1 jllI
lOpM of both forward and reverse primers 1 pi
50MgCl2 1.5 pi
10 Taq polymerase buffer 5 pi
HotStar Taq polymerase 0.25 pi
PCR grade water make total to volume 50pl
A negative control minus DNA was also prepared. PCR reaction of 30 cycles at 58°C 
followed by 72°C in a Hybaid Sprint ™ thermal cycler amplified the alOBCAM 
DNA sequence.
PCR reaction times were:-
Temperature Time Cycles Function
94°C 10 minutes 1 activation of Taq
94°C 1 minute denaturing DNA
58°C 1 minute 30 annealing primer
72°C 2 minutes strand extension
72°C 10 minutes 1 strand completion
Taq polymerase has a terminal transferase activity which adds a single 
deoxyadenosine base to the 3' ends of the PCR product. The linearized pCR 2.1 
TOPO™ vector has a single 3' deoxythymidine base overhang which allows PCR 
products to be ligated efficiently into the vector.
Analysis of DNA by agarose gel electrophoresis
PCR products with were mixed with 2 pi of x5 Blue juice™ Invitrogen 
loading buffer plus 1 pl/sample SYBR™green DNA dye (Sigma) and loaded onto a 
1% agarose gel prepared and separated in electrophoresis TAE buffer containing 40 
mM Tris-acetate ImM EDTA (50x stock 242g Tris base 57.1 ml glacial acetic acid, 
100 ml 0.5 M EDTA pH 8.0 per liter). PCR product DNA was visualized by UV 
excitation of SYBR™green at a wavelength of 586 nm and emission of 605 nm. 
Comparison with molecular weight markers identified the PCR product as being the 
expected size of ~ 1.1 kbp, (results figure 2.9.3)
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Recovery of DNA from agarose gel
PCR bands were excised from the agarose gel under UV light with a razor 
blade and gel slices microfuged at top speed through a glass wool column to shatter 
the gel and release the DNA. DNA was precipitated from the fractionated gel with 
1:10 volume of 3M sodium acetate and 2 volumes ethanol, incubated at -80°C for a 
minimum of 1 hour and pelleted from solution by centrifugation at 15,000 x g for 30 
minutes. DNA pellet was air dried and resuspended in 50 pi sterile de-ionised water.
Ligation of PCR product into pCR 2.1 TOPO™ vector
PCR product was TA cloned into pCR 2.1 TOPO™ vector using the 
Invitrogen TOPO TA™ cloning kit. 2 pi PCR DNA, was incubated with 1 pi 
TOPO™ vector, 1 pi TOPO™ salt buffer; and 2 pi sterile water at RT for 5 minutes, 
placed on ice for 20 minutes and used to transform Top 10 F’ competent bacteria.
Plasmid transformation of competent bacteria
Top 10 F’ competent bacteria were thawed on ice and 2 pi of the ligation reaction 
was gently mixed into the bacteria cells. After a further incubation for 15 minutes on 
ice the cells were heat shocked for 30 seconds in a water bath at 42°C. 250 pi of SOC 
medium was added to the competent bacteria and incubated on a shaker at 2 0 0  rpm 
for 1 hour at 37°C.
Plasmid selection
Post incubation 10 and 100 pi of transformed bacteria were selected on Luria 
broth (LB) agar plates containing 50 pg/ml ampicillin. The plates were pre-treated by 
spreading with 40 mg/ml X-gal and lOOmM IPTG to permit blue/ white screening of 
colonies. Top 10 F’ bacteria contain the lac repressor gene so those bacteria 
containing the ligated plasmid (i.e. plasmid plus PCR insert) will express lac gene 
and produce a white coloured colony. Those colonies containing an un-ligated 
plasmid will remain blue. Selected colonies were cultured in 5ml LB nutrient broth 
containing 50 pg/ml ampicillin antibiotic and plasmid DNA was prepared using a 
Qiagen mini plasmid preparation kit.
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Restriction enzyme digestion of DNA
Bam HI- Ncol restriction enzyme on DNA from mini plasmid preparations 
mapped the orientation of the insert cloned in the pCR2.1 plasmid vector (outlined in 
figure 2.9.4). Restriction digests were set up containing 8  jul plasmid DNA, 1 pi 
restriction enzyme buffer, 0.5 pi Bam-HI and 0.5 |il Nco-1 restriction enzymes and 
incubated for 1 hour at 37 °C and analysed on a 0.7% agarose gel (results figure 
2.9.5).
The mini plasmid preparation containing the OBCAM sequence in the correct 
orientation in pCR2.1 was selected and digested with restriction enzymes Ncol and 
Notl to release the OBCAM sequence from pCR2.1 mini plasmid for subcloning into 
pSlax shuttle vector. This sub-cloning would add the additional restriction enzyme 
site required for the final cloning into the 1RES-GFP plasmid vector. Commercial 
DNA sequencing confirmed that colony 6  contained the OBCAM PCR product 
cloned into pCR2.1 in the required orientation.
Sub-cloning of DNA insert into a plasmid vector
Nco-1 and Not-1 restriction enzymes digested the pSlax vector and the 
OBCAM PCR product DNA from pCR2.1 plasmid in 20 pi reactions. Following 
incubation at 37 °C for 1 hour the digested DNAs were separated by electrophoresis 
on a 0.7% agarose gel, the bands excised and DNA collected using a glass wool 
column and concentrated by ethanol precipitation (results figure 2 .9 .6 ).
Ligation of DNA insert into a plasmid vector
The DNA concentration of plasmid and DNA insert was calculated using 
Invitrogen Quantit™ and the amount of DNA required for the ligation reaction was 
calculated :-
ng of vector x kb size of insert x molar ratio or insert = ng of insert 
kb size of vector vector
Incubation of a ratio of 6:1 OBCAM insert: pSlax vector overnight at 14°C with T4
ligase enzyme ligated the OBCAM insert into the pSlax vector. Top 10 F’ competent
bacteria were transformed with 1 pi of this ligation and transformed bacteria selected
on agar plates containing 50 pg/ml ampicillin antibiotic.
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STET preparation of plasmid DNA
Selected colonies were cultured overnight in 5 ml LB broth containing 50 
pg/ml ampicillin. 1 ml culture was pelleted and plasmid DNA released by incubation 
for 5 minutes in 350 p i  STET buffer containing 8 % sucrose, 5% Triton X-100, 50 
mM EDTA pH 8.0, 0.1 M Tris HCL pH 8.0 and 25 p i  of 1 mg/ml lysozyme enzyme, 
followed by heating at 95°C for 3 minutes. Plasmid DNA was precipitated with 350 
p i  isopropanol and microfuged for 7 minutes at top speed into a pellet and 
resuspended in 50 p i  deionised water and heated for 10 minutes at 60°C. Screening 
by Nco-1 and Not-1 restriction enzyme double digestion mapping confirmed plasmid 
DNA contained the OBCAM insert. Qiagen mini plasmid kit was used to prepare 
plasmid DNA from the remaining culture. OBCAM insert was then cloned into IRES- 
GFP plasmid vector using Not-1 Cla-1 restriction enzymes. Confirmation of 
successful cloning of alOBCAM into IRES-GFP plasmid was by restriction enzyme 
mapping with Clal-Notl enzymes (results figure 2.9.7).
The LAMP sequence was cloned into the IRES-GFP plasmid by a similar 
method to produce the pLIG plasmid (Reed et al, 2004).
DNA sequencing and plasmid preparation
Both pOIG and pLIG were sequenced (Lark) to confirm the successful 
cloning of the IgLON insert into the pIRES vector plasmid. Bacterial colonies 
containing the pOIG and pLIG plasmid vectors were cultured and endotoxin-free 
plasmid preparations of pOIG and pLIG were made using a Sigma maxi plasmid 
preparation kit to produce DNA suitable for transfection into CHO cells.
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Beta actin
ireslink
BsmB1 17 
Cla11742 
BamH1 1748 
Pme1 1757 
Noti 1763 
Swa1 1773 
Small 780 
EcoR1 1785
a1 -OBCAM/ 
a1-LAMP 
sequence 
inserted
tail
F igu re  2.9.1 D iagram  o f  p O IG  a n d  p L IG  p la sm id  vectors
Plasmids OBCAM-IRES-GFP (pOIG) and LAMP-IRES- GFP (pLIG) were 
constructed by introducing al-LAMP sequence or al-OBCAM sequence into the 
pCaplinkmigires plaEGFPClal plasmid vector (IRES-GFP) between Cla 1 and Not 
1 restriction enzyme sites. In this vector the /3-actin promoter is located upstream of 
an internal ribosome entry site (IRES) and controls expression of both the IgLON 
sequence and accompanying enhanced green fluorescent protein (GFP). Plasmid 
selection was via ampicillin resistance.
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B a m  H I  Ncol/
A  B  C
Figure 2.9.2 Cloning strategy used to introduce odOBCAM DNA 
sequence into the IRES-GFPplasmid vector.
To enable cloning of the al-OBCAM sequence into IRES-GFP plasmid vector 
additional restriction enzymes sites Ncol and Clal had to be introduced onto the 
OBCAM sequence in two steps. First, primers were designed with sequence miss- 
matches to create the Ncol restriction enzyme site at the 5 ’ end of the al-OBCAM 
sequence. These OBCAM primers generated Ncol-al-OBCAM, in a PCR reaction 
and this sequence was cloned into the pCR2.1 plasmid using Invitrogen TA™ 
cloning kit (A). Restriction enzymes Ncol and Notl digested al-OBCAM insert from 
pCR 2.1 and sub-cloned it into pSLAX shuttle vector between restriction sites Ncol 
and Notl (B). This shuttle vector provided the Clal site for the final cloning step 
into the IRES-GFP plasmid vector. The OBCAM sequence was excised form pSLAX 
shuttle vector and cloned into the IRES-GFP plasmid vector between restriction 
sites Notl and Clal (C).
52
Chapter Two
C R  product 1.1 kbp 
Primer dimers
Figure 2.9.3 Agarose gel analysis of PCR amplification of a  1 
OBCAM sequence.
Lane 1 Invitrogen lOObp DNA marker 
Lane 2 negative control, minus template DNA.
Lanes 4-8 contain PCR products o f 10 fold dilutions (1:100 to 1:100,000) ofpCDNA3 
plasmid DNA containing the al-OBCAM sequence.
Top bands in lanes 4 & 5 marked *  correspond to ~1.1 kbp, when compared to DNA 
molecular weight marker. Lower, smaller bands in lanes 2, 4-8 were likely to be due 
to primer dimerization. This PCR reaction had generated the OBCAM sequence from 
the pCDNA3 plasmid since each dilution produced a single band of the size expected. 
Control lane 2 (minus DNA template) contained no DNA, small band was most likely 
a result of primer dimerization.
L an e  1 2 4  5 6 7 8
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B a m  HI 2.275 kbp 
Anticlockwise from N c o  1 
Fragment 2
Clockwise from B A M  HI 
Fragment 1
A
B a m  HI 2.275 kbp 
Anticlockwise from N c o  1 
Fragment 3
B
Figure 2.9.4 Orientation of a l OBCAM PCR product TA cloned into 
pCR2.1 plasmid.
During cloning, the al-OBCAM PCR product can ligate into pCR2.1 in either 
orientation A or B shown in the diagram. Restriction enzyme mapping using Bam HI 
and Ncol double digestion confirmed the orientation of OBCAM in pCRl.l plasmid. 
After digestion, two bands will separate on an agarose gel if OBCAM is in 
orientation A, a band of 2.7 kbp corresponding to digested plasmid plus insert DNA 
(running clockwise BamHl:Ncol) and a second band of 2.275 kbp plasmid DNA 
(running anticlockwise Ncol:BamHl) and a small undetected fragment of insert 
DNA. Whereas in orientation B three bands will separate after digestion, 1.1 kbp and 
1.5 kbp bands containing the insert DNA (running clockwise BamHl :Ncol) and a 
2.275 kbp band of plasmid DNA (running anticlockwise Ncol.BamHl). Plasmid DNA 
was isolated from selected colonies containing the pCR2.1 plasmid with the a l ­
OBCAM insert in both orientations and sequenced. The OBCAM sequence is in the 
correct reading frame in orientation A, whereas in orientation B the OBCAM 
sequence is in reverse.
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Lane
2.7 kbp 
2.275 kbp
1 2 3 4 5 6 7 8 9  10 11 12
=É
i t
2.275 kbp 
1.5 kbp
1.1 kbp
Figure 2.9.5 Agarose gel analysis of cloning of cd-OBCAM PCR 
product into pCR2.1 plasmid.
Lanes 1-10 contain Bam HI and Ncol restriction enzyme digested pCR2.1 plasmid 
DNA from selected colonies. Lane 12 contains Invitrogen Ikb DNA molecular 
marker. Double digestion with Bam HI and Ncol determined the orientation of the 
alOBCAM sequence. The OB CAM sequence produced 2 bands in the correct 
reading fame orientation, lanes 3 & 4 white arrow 1, whereas in the reverse 
orientation 3 bands were produced, lanes 5-8 white arrow 2. When compared to the 
DNA molecular marker in lane 12 the bands in lane 4 correlated to 2.7 and 2.275 kbp 
(yellow arrows) the sizes expected when OB CAM is in the required reading frame 
and the bands in lane 6 to 2.275, 1..5 and 1.1 kbp when the OB CAM sequence is in 
reverse (blue arrows).
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Lane 1 2 3 4 5 6 7 8
1.1 kbp
Figure 2.9.6 Preparation of pCR2.1-OBCAM for ligation into pSlax 
digestion
Lane 1 Invitrogen lkb DNA molecular markers.
Lane 3 undigested pSlax shuttle vector plasmid DNA.
Lane 4 Ncol and Notl restriction enzyme digested pSlax plasmid DNA.
Lane 6 undigested pCR2.1 plasmid DNA containing alOBCAM sequence.
Lane 8 Ncol and Notl restriction enzyme digested alOBCAM- pCR2.1 plasmid 
DNA.
To subclone the alOBCAM sequence from the pCR2.1 plasmid vector into pSLAX 
vector, both plasmids were digested with Ncol and Notl restriction enzyme and the 
products separated by agarose gel electrophoresis. The molecular weight shift 
between lanes 3 & 4 indicated the pSlax shuttle vector was enzyme digested since 
linear DNA in lane 4 did not migrate as fast as super coiled undigested pSlax in lane 
3. When compared to lane 1 molecular marker the lower band in lane 8 was the size 
expected for the al OBCAM insert digested by Ncol and Notl from pCR2.1 plasmid. 
Bands marked with *  were carefully excised from the gel, DNA was isolated and the 
a l OBCAM insert form lane 8 was ligated into the digested pSlax vector lane 4.
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Lane
l.lkb
Figure 2.9.7 Agarose gel analysis of cd-OBCAM sequence cloned 
into the IRES-GFP plasmid.
Lane 1 Invitrogen lkb DNA molecular marker.
Lane 3 selected IRES-GFP plasmid DNA containing al OBCAM insert 
Lanes 5 & 6 Clal-Notl restriction enzyme digested IRES-GFP plasmid DNA.
Lane 8 IRES-GFP plasmid prior to cloning.
Once OBCAM sequence was ligated into the IRES-GFP plasmid the difference in 
migration between bands in lanes 3 and 8 suggested the IRES-GFP plasmid in lane 3 
contained additional DNA to the original IRES-GFP plasmid in lane 8. Mapping 
with Clal-Notl restriction enzymes released a band of ~ 1.1 kbp in lanes 5 & 6 
marked (compared to the DNA molecular marker in lane 1) confirmed the plasmid 
contained the OBCAM insert.
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2.10.1. Transient transfection of pOIG and pLIG into CHO cell lines
Stably transfected IgLON CHO cells were cultured at a density of 1.5xl04 
cells on glass coverslips in a 24 well tissue culture plate in DMEM/F12 containing 
10% FCS growth medium overnight at 37°C, 5% C 02 atmosphere. A complex of 
pOIG and pLIG plasmid DNA was formed in a 1:3 weight/volume ratio with 
FuGENE 6  transfection reagent (Roche) according to manufacturer’s protocol. 
Briefly, 0.6 pi FuGENE reagent was added to 25 pi DMEM/F12 salt solution 
followed by 0.2 pg pOIG or pLIG plasmid DNA, incubated for 45 minutes at RT to 
form a DNA complex which was then added directly to the CHO cells. The cells 
were cultured for 48 hours at 37°C, 5% C 02 atmosphere, to allow plasmid DNA 
expression.
2.10.2 Recombinant protein binding assay to transiently transfected 
CHO cells
The CHO cells were stained with IgLON-FC recombinant proteins and 
examined using a LEICA LEITZ LB fluorescence microscope. Expression of the 
intracellular GFP-tag with filters (excitation 495nm, and emission 525nm) identified 
the transiently transfected cell population expressing both IgLONs. Recombinant 
protein binding to the two populations of cells was identified by 1 :1 0 0  dilution of 
Texas Red™ conjugated goat anti-human IgG antibody (Jackson laboratories) 
secondary antibody binding to the FC portion of the recombinant protein (filters 
select for excitation at 596nm, 620nm emission). Photomicrographs were prepared 
using Metamorph™ imaging software.
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2.11. Preparation of doubly transfected CHO-cell lines
The pBUD plasmid was used to prepare CHO cells expressing two members 
of the IgLON family on the cell surface.
2.11.1 Construction of pBUD plasmid vector containing two IgLON 
DNA sequences
The pBUD CE 4.1 plasmid vector (Invitrogen) contains two separate cloning 
sites into which individual IgLON-GPI sequences were inserted. The a2CEPU-l 
sequence was cloned downstream of the E Fl-a promoter region between restriction 
sites Kpn I and Xho I. The a2-OBCAM sequence was cloned downstream of the 
CMV promoter region between restriction sites Hind III and Xba I figure 2.11.1 
(James Reed).
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CEPU
BsfBI 
Sftl 
B gl II 
X h o  I 
BsfXI 
Kpn  I 
BstB  I 
N oil
Comments for pBud('K4.1 
4595 nucleotides
Hind  II 
P s t  I/Sse8387 f  
S a l I 
A c c  I 
Sea I 
X b a  I 
BamH I 
I— OBCAM
Figure 2.11.1 pBUD plasmid
a2 CEPU-l sequence was cloned between restriction sites Kpn I and Xho I 
downstream of the EFl-apromoter region, and d2 OBCAM sequence was cloned 
between restriction sites Hind III and Xba 1 downstream of the CMV promoter 
region in pBUD CE 4.1 vector. A second vector containing the a l LAMP sequence 
in place of the OBCAM sequence was also constructed (Reed et al., 2004).
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2.11.2. Transfection of two IgLON sequences into CHO-cells
WT-CHO cells were cultured at a density of 12xl04 cells/well in a 6  well 
tissue culture plate in DMEM/F12 medium containing 5% FCS overnight. Fugene-6  
transfection reagent (Roche) in a 3:1 volume: weight ratio introduced 1 |!g pBUD 
plasmid vector containing the CEPU-1 and OBCAM sequences into these WT-CHO 
cells. Briefly, 3 pi of Fugene- 6  reagent in 100 pi DMEM/F12 with incubated with 1 
pg pBUD plasmid vector construct DNA for 45 minutes at RT and then added to the 
CHO cells. After 48 hours in culture, medium was exchanged to DMEM/F12 
containing 2% FCS plus 400 pg /ml Zeocin antibiotic, to select for transfected cells. 
The cell density was maintained below 50% confluence for 7 days, with medium 
changes to remove detached non-transfected cells. 0.25% trypsin EDTA removed the 
cells from the dish and they were resuspended in culture medium. Using a 
haemocytometer, cells were counted and 1 0 0  cells were resuspended in 1 0  mis of 
DMEM/F12 containing 10% FCS plus 400 pg /ml Zeocin culture medium and 
distributed over a 96 well tissue culture plate, at a density of ~ 1 cell/well to establish 
single CHO cell colonies. The plate was cultured until single cells had undergone 
several rounds of division to establish a colony.
Established colonies were expanded in 24 well tissue culture plates 
containing 10 mm glass coverslips. Coverslips were removed and live stained with 
specific IgLON antiserum to confirm 100% expression of both CEPU-1 and 
OBCAM on the surface of the CHO cells. Colonies expressing both IgLONs were 
expanded and further characterised by removing the IgLONs off the surface of the 
CHO cells using phospholipase C enzyme and western blotting the supernatant. A 
cell line expressing CEPU-1 and LAMP was also prepared by the same method.
A second cell line expressing the a2 CEPU-1 a2-LAMP IgLONs was 
prepared in the same way using the pBUD plasmid containing the a2CEPU-l 
sequence cloned downstream of the EFl-a promoter region (between restriction sites 
Kpnl and Xhol) and a2-LAMP sequence cloned downstream of the CMV promoter 
region (between restriction sites HindEl and Xbal).
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2.12. PiPLC digestion of IgLONs into solution
Transfected CHO cell lines were cultured on 15 cm tissue culture dishes to 
confluence and the IgLONs were digested from the cell surface into solution by 
phosphatidylinositol-specific phospholipase C PiPLC (Invitrogen) enzyme cleavage 
from their GPI anchor. Culture dishes were washed with Ca2+ Mg2+-free PBS, and 
then incubated with 1 unit PiPLC in 1ml Ca2+ Mg2+-free PBS for 2 hours at RT with 
gentle rocking. COMPLETE™ PIC (ROCHE) was added to prevent unwanted 
protease activity. The supernatant was harvested and microfuged at top speed for 5 
minutes to pellet any cell debris. The resulting supernatant was concentrated 10 fold 
through a VIVASPIN™ (Sartorious) protein concentrator column and analysed by 
western blotting.
2.13. PAGE western blot analysis
The Invitrogen NuPAGE™ (PAGE polyacrylaminde gel electrophoresis) 
Novex gel system was used for western blotting analysis. Lithium dodecyl sulfate 
(LDS) sample buffer x4 (Invitrogen) was added to PiPLC supernatant samples and 
loaded onto Novex™ 3-8% Tris Acetate polyacrylamide gels and run in NuPAGE™ 
Tris Acetate buffer at 20-30 volts. Sample proteins were transferred on to 
BioTrace™ (Pall Gelman laboratory) nitrocellulose transfer membrane sandwiched 
between 3M chromatography paper soaked in 0.3 M tris pH 10.4 bottom buffer and 
25 mM tris pH 9.4 top buffer containing 20% methanol using a Biorad Trans-Blot™ 
semi-dry transfer cell. Nitrocellulose membrane was blocked overnight in 150mM 
NaCl, lOmM tris pH 8.4, 0.2% Tween 20 blocking buffer and stained with individual 
IgLON rat antisera titred out to a dilution of 1:5,000-1:10,000 in blocking buffer plus 
1% BSA, followed by Horseradish peroxidase (HRP) conjugated rabbit anti rat 
antibody (DAKO) also titred out to a dilution of 1:5,000-1:10,000. Visualisation of 
protein bands was by addition of Pico™ and Femto™ chemiluminescent substrates 
(Pierce-Perbio) and exposure of nitrocellulose onto HyperFilm™ ECL (Amersham) 
chemiluminescent film, developed using Kodak photo chemicals (Sigma).
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2.13 Construction of OB CAM HISx6 tagged plasmid vector
A plasmid was constructed to contain the OBCAM-HISx6  sequence for 
transfection into CHO cells to prepare HIS tagged OBCAM-CHO cell line. pcDNA3 
plasmid vector containing the HISx6  sequence was a kind gift from David Fernig 
Biological Sciences, Liverpool University (figure 2.13.1). Cloning the OBCAM 
sequence minus its signal peptide and start codon into this plasmid added a HISx6  
tag and a signal peptide to the N-terminus of OBCAM.
To clone the OBCAM sequence into the HISx6  pcDNA3 plasmid primer 
sequences were designed with mismatches to the original a2 OBCAM sequence, 
shown in red, generate a ggatcc Bam-Hl site at the start of the OBCAM sequence 
and tctaga Xba-l restriction enzyme sites at the end of the sequence (figure 2.13.2).
5’-3’ forward primer GCAGGAGGATCCGTGCGCAG,
5’-3’ reverse primer CCCTCCACTTCTAGATCAAAAGTC
OBCAM HISx6 PCR reaction
Using these primers, on 0.1 jig -  0.001 pg dilutions of -pcDNA3 plasmid 
containing the full a2 OBCAM sequence, one step PCR conditions of 30 extension 
cycles at 52°C generated the 1058 bp modified OBCAM sequence, which was TA 
cloned into pCR2.1 TOPO™ vector and used to transform TOP 10 F’ competent 
bacteria. These bacteria were screened on 50 jig/ml ampicillin antibiotic agar plates, 
selected colonies containing the plasmid were cultured and plasmid DNA was 
prepared using mini plasmid preparation kit (Qiagen). OBCAM insert was identified 
by restriction enzyme mapping with Bam-Hl and Xba-l restriction enzymes. These 
restriction enzymes then digested the OBCAM sequence from pCR2.1 and ligated it 
into the pcDNA3-HISx6 plasmid vector as previously described (results figure 
2.13.3). Colonies containing the plasmid were identified from STET preparations 
(results figure 2.13.4) Commercial DNA sequencing of the plasmid construct DNA 
by LARK confirmed the successful tagging of the a  1 OBCAM sequence.
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Ampicillin
resistance
Signal sequence
HIS x6 sequence
Bam H1
cd OBCAM-GPI 
sequence
Xba 1
Figure 2.13.1. HISx6 tagged OBCAM plasmid vector.
The al OBCAM-GPI sequence (highlighted in green) was cloned into 
pcDNA3 plasmid using restriction enzyme sites BamHl and Xbal. This plasmid 
added a new signal sequence and the HISx6 epitope tag to the N-terminus of 
OBCAM sequence.
ggatcc Bam HI
cgtcctctgtctcaggctgctcttccttgtgcc cgcaggaggotccgtgcgca
gcggagatgccaccttccccaaagctatggacaacgtgactgtgcggcaaggggagagtgccacgctcaggtgtaccg
tggatgacagggtgaggcgggtagcgtggttgaaccgcagcaccatcctttatgctggcaatgacaagtggtctatagac
aaccgcgtggtcatcctctccaacaccaaaacccagtacagcatcaagatccacaacgtggatgtgtacgatgaggggc
cctacacctgctctgtgcagacagacaatcaccccaaaacatcgcgcgtccacctcatcgtgcaagtcccccctcagattg
tcaacatctcatcagacatcaccgtgaacgaaggcagcagtgtgaccctcatgtgcttggcctttgggaggccggagccc
actgtcacgtggcggcatctctctgggaaagggcaaggctttgtgagtgaggatgagtacctggagatcacgggcatca
cacgggagcagtcgggcgagtatgagtgcagtgctgtcaatgatgtggccgtcccagatgtccggaaagtcaaagtcac
tgtcaactacccgccgtacatctccaatgccaagaacacaggcgcctcagtgggccagaagggcatcctgcagtgcgag
gcctcggctgtccccgtggcagagtttcagtggttcaaggaggacaccaggttagcaaatgggctggagggcgtgcgg
atcgagagcaagggccgcctctcgacgctgaccttcttcaatgtgtcggagaaggactatggcaactacacgtgtgtggc
cacaaacaagttgggcaacaccaatgccagcatcatcctgtacgggcccggagcggtgcacgacagtggcaatgcagc
ctcccgggcagccgctggcctctgcctctgggccaccctcctcgctcgcctcctcctc
gacttttgatctogaagtggaggg tcccgggacggccg
Xba 1
tctaga
Figure 2.13.2 HISx6 tagged OBCAM sequence
Primer sequences are in bold print and underlined, red bases are those altered to 
form restriction sites, and the green bases indicate the stop codon. The pale blue 
bases are the signal sequence and HISx6 tag added on to the 0(20BCAM sequence 
by the plasmid.
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Lane 1 2 3 4
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*
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Figure 2.13.3 Ligation of OBCAM sequence into pcDNA3 HISx6 
plasmid
Lane 1 undigested pcDNA3 HIS x6 plasmid.
Lane 2 Bam-Hl and Xba-1 restriction digestedpcDNA3 HIS x6 plasmid 
Lane 3 Invitrogen 1 kb DNA molecular marker.
Lane 4 Bam-Hl and Xba-1 restriction digested pCR2.1 plasmid containing OBCAM 
modified sequence.
Bam-Hl and Xba-1 restriction enzymes digested the OBCAM sequence from pCR2.1 
plasmid (band marked *  lane 4). pcDNA3 HIS x6 plasmid was also digested with 
restriction enzymes Bam-Hl and Xba-1 (band marked *  lane 2) to prepare the 
cloning sites to accept the OBCAM insert. The marked bands were excised, DNA 
recovered, and the OBCAM insert was ligated into pcDNA3 HIS x6 plasmid between 
restriction sites Bam-Hl and Xba-1.
Lane 1 2 3 4 5  6 7 8 9  10
Figure 2.13.4 DNA STET preparations identified OBCAM HIS x6 
pcDNA3 plasmid construct.
The OBCAM sequence ligated into the pcDNA3-H!Sx6 plasmid was used to 
transform Top 10 competent bacteria and positive colonies were selected on 
ampicillin agar. 10 colonies were selected, cultured, plasmid DNA isolated using 
STET buffer and separated on an agarose gel (lanes 1-10). Colonies corresponding 
to lanes 7, 8 and 10 were selected as containing the plasmid construct, expanded and 
plasmid DNA isolated.
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2.14 1 Production of HISx6 tagged OB CAM CHO cell line
Fugene- 6  ™ reagent transfected the OBCAM-HISx6  pcDNA3 plasmid 
construct into WT-CHO cells and G418 antibiotic selected for those CHO cells 
expressing the plasmid. These cells were sub-cloned and colonies from a single cell 
were amplified to prepare the HISx6  tagged OBCAM (Oh)-CHO cell line (cell line 
prepared by Mohammed Akeel). Confirmation of 100% transfection of the CHO cell 
line was by live staining with both HISx6  and OBCAM antiserum (data not shown).
2.14.2 Production of doubly transfected OBCAM HISx6 tag CHO 
cell lines
pBUD CE 4.1 plasmid was previously constructed to contain the LAMP-GPI 
sequence under the CMV promoter, alongside a GFP-cytoplasmic marker sequence 
under the EF-la promoter sequence (James Reed). Fugene 6 ™ reagent transfected 
this plasmid into the Oh‘CHO cell line and Zeocin antibiotic resistance selected the 
cells expressing LAMP-GFP. These cells were sub-cloned and colonies expanded 
from a single cell were initially analysed by visualisation of intracellular GFP 
fluorescence. Expression of LAMP on the surface of all the CHO cells was 
confirmed by immuno-cytochemical detection of LAMP. Similarly, the CEPU-1 
sequence under the EF-la promoter, was introduced into Oh'CHO via a CEPU-1 - 
pBUD CE 4.1 plasmid to prepare the CEPU-1-Oh'CHO cell line, 100% expression of 
CEPU-1 was identified by immuno-cytochemistry.
Cell lines expressing LAMP-Oh (LOH) and CEPU-1-Oh (COH) were 
expanded and PiPLC enzyme digested COH and LOH off the CHO cell surface into 
solution. Western blotting of this supernatant confirmed expression of the HISx6  tag 
on the COH 'CHO cells (results figure 2.14.2.).
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Figure 2.14.2 Characterisation of HISx6 tag on CO11 CHO cell tine.
PiPLC digested COH from CHO-cells and the supernatant was concentrated 10 fold. 
10 pi aliquots were separated on a LDS-PAGE gel and western blotted onto 
nitrocellulose. The HISx6 tag was detected by staining the nitrocellulose with 1:500 
dilution of mouse anti HISx6 antiserum (Sigma), followed by 1:1000-1:2000 
dilutions of anti-mouse HRP secondary antibody (Dako) lanes 1&2, visualised with 
Pico™ chemiluminescent substrate, exposure for 2 minutes on Amersham film.
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2.15. Immuno-precipitation of putative IgLON complexes
Protein A agarose beads (Sigma) concentrated the IgLON antibody molecules 
from 0.5 ml CEPU-1 and OBCAM rabbit antiserum commercially produced by 
Covlab. A 25 pi aliquot of protein A beads was added to 0.5 ml IgLON rabbit 
antiserum and rotated overnight at 4°C. The beads were collected by microfuging at 
top speed for 2 minutes, washed twice with 1ml aliquots of 10 mM Tris buffer pH 
8.0 and the attached IgLON antibody molecules were eluted from the beads by 
washing twice with 50 pi 0.2 M glycine pH 2.5. The pH of the antibody solution was 
then adjusted to pH 8.0 with 2 M Tris buffer pH 8.0. Four 13 mm circles of 
nitrocellulose membrane were each coated with 25 pi of concentrated antibody 
solution, and blocked overnight in 150 mM NaCl, 10 mM Tris (pH 8.4) 0.2% Tween 
20 buffer. The PiPLC supernatant from 4x150 mm dishes of confluent CHO cells 
was concentrated to 50 pi and added to the nitrocellulose circles then incubated for 
1-2 hours at RT. Any unbound PiPLC supernatant was carefully washed off the 
nitrocellulose with 10 mM Tris (pH 8.4) buffer. The IgLONs captured by the 
antibody bound to the nitrocellulose were eluted with two washes of 20 pi 0.2 M 
glycine pH 2.5 and the pH adjusted to pH 8.0. Eluted protein samples were separated 
across two 3-8% TA NuPAGE gels, and IgLON protein bands were identified by 
western blot analysis.
2.16. Affinity-isolation of putative IgLON complexes
A similar experiment was carried out using OBCAM-HISx6 -CHO cell line 
transfected with a second IgLON CEPU-1 or LAMP. To capture the HISx6  epitope 
tagged OBCAM, 25 pi nickel Probond beads (Invitrogen) were added to 100 pi of 
the concentrated PiPLC supernatant and rotated for two hours at RT. The nickel 
beads were collected washed in 20 mM sodium phosphate buffer containing 0.5 M 
NaCl (pH 8.0) and potential IgLON complexes was remove from the nickel beads by 
adding 40 pi NuPAGE sample buffer.
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2.17. Primary cell culture of forebrain neurons
Aclar coverslips were coated for 1 hour with 10 mg/ml Poly-L-Lysine in 100 
mM sodium borate buffer pH 8.4. The forebrain from E6 - 8  chicks was dissected and 
incubated in 1ml x 0.05% trypsin in HBSS (-) Sigma) containing 100 pg/ml DNAse 
(Sigma) for 30 minutes at 37°C. The tissue was washed in HBSS and HBSS 
containing 1 mg/ml soybean trypsin inhibitor (Sigma) for 2 minutes. Following these 
washings, DMEM/F12 plus Glutamax (Sigma) growth medium containing 1.5% 
glucose, 100 (ig/ml transferrin (Sigma), 100 fig/ml insulin (Invitrogen) and 50 units 
penicillin/streptomycin (Invitrogen) was added and the forebrain tissue and a 
polished glass Pasteur pipette dissociated the tissue into to a single cell suspension 
(Aizenman et al., 1986). Poly-L-Lysine coated Aclar coverslips were washed in 
HBSS and placed in a 24 well plate. Forebrain neurons were seeded at a density of 
2xl05 cells per well in 0.5 ml culture medium onto the coverslips.
2.18. Antibody co-clustering of IgLONs on forebrain neurons
Dissociated E8  forebrain neurons were cultured for 4-5 days at a density of 
2xl05cells/well on 13 mm2 Aclar coverslips coated with poly-L-Lysine. The cells 
were live stained with combinations of IgLON rat and rabbit antiserum, visualised 
with Texas Red™-conjugated goat anti-rat IgG antibody (Jackson Laboratories) and 
Alexa 488 green-conjugated goat anti-rabbit antibody (Invitrogen). Staining was as 
previously described at RT for 20 minutes with antisera and secondary antibody 
dilutions of 1:100 in 1 % BSA/Millonig’s buffer and fixation was in 2% 
paraformaldehyde. Specificity of IgLON antiserum was tested by staining IgLON 
CHO cells with combinations of each antiserum visualised with fluorescently 
labelled secondary antibodies. Species cross-reactivity between the secondary 
antibodies was tested by staining the forebrain neurons with rat and rabbit pre- 
immune serum plus secondary antibody, alongside IgLON rat and rabbit antiserum 
plus secondary antibody e.g. pre-immune rat serum plus rat Texas Red™ labelled 
secondary antibody was tested and rabbit CEPU-1 and OBCAM antiserum plus 
Alexa 488 green labelled secondary rabbit antibody. The coverslips were examined 
using a LEICA AOBS SP2 confocal microscope with lasers at excitation 488 nm, 
594 nm and photomicrographs produced. Staining patterns were then examined using 
LEICA overlay image software. As a negative control for non-specific co­
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localisation the forebrain neurons were stained with IgSF molecules outside of the 
IgLON family. T-cadherin rabbit antiserum or F ll  rabbit antiserum visualised with 
Alexa 488 green-conjugated goat anti-rabbit antibody (Invitrogen) alongside each rat 
IgLON antiserum plus Texas Red™ secondary antibody. The staining patterns of at 
least 3 different areas from 2 coverslips were analysed with Image J software and 
presented as a histogram using PRISM software.
2.19. Neurite outgrowth assay on CHO-cell lines
CHO cell lines were plated at a density of 2xl05 cells/well into a 24 well 
plate containing a glass cover slip and cultured overnight to confluence. Dissociated 
forebrain neurons from E6 - 8  chick brains were prepared at a density of 2xl05 
cells/well in 0.5 ml forebrain culture medium and added to the CHO cell coverslips. 
IgLON insensitivity to trypsin had previously been demonstrated by 
immunofluorescent staining of IgLON-CHO cells after trypsinization so preparing 
the forebrain neurons with trypsin was not considered to affect IgLON expression. 
After 24 hours incubation the culture medium was removed and the cells fixed and 
permeabilized by incubation in ice-cold methanol at -20°C for 15 minutes. To 
visualise neurite extension from the forebrain neurons coverslips were incubated for 
1 hour with neuronal specific GAP43, rabbit antisera, titred out to a dilution of 1:500 
in 1% BSA Millonig’s buffer, detected by 1:200 Texas Red™-conjugated donkey 
anti-rabbit antibody (DAKO) and mounted in DAKO fluorescent mounting medium. 
Counts of forebrain neurons extending neurites were made without knowing the 
conditions to avoid prejudice, at x 40 magnification under oil on a LEICA LEITZ RB 
DM fluorescent microscope, using filters 596 nm excitation 620 nm emissions. In 
each experiment 1 0 0 - 2 0 0  individual neurons/cover slip from triplicate cover slips 
were counted and the percentage of neurons showing extension of neurites twice that 
of the diameter of the cell body calculated. The neurons counted were carefully 
selected as single neuronal cell bodies, avoiding clumps, which may have had an 
influence on each other and affected overall neurite outgrowth. Photomicrographs 
were produced using Metamorph software. Experiments were repeated three times 
and analysis of data was carried out using the PRISM software programme; 
significant values were calculated using the Newman-Keuls analysis of variance 
multiple comparison test in the PRISM programme.
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2.20. Neurite outgrowth assay on IgLON substrates
Glass coverslips was coated with 20 pi of nitrocellulose membrane solution 
prepared by dissolving 2 cm x 3 cm square of Protran BA 85 nitrocellulose 
membrane (Schleicher & Schuell) in 2 ml tissue grade methanol (Merck). Once 
dried, the coverslips were coated with IgLON PiPLC supernatant prepared from 
approximately half a 15 cm culture dish, plus 10 pg/ml Poly-L-Lysine, diluted to 100 
pi with PBS and spread over three coverslips, then incubated for 1 hour at RT. The 
coverslips were blocked by incubation with 1 % tissue culture grade BSA (Sigma) in 
PBS for 1 hour. Dissociated E7/8 forebrain neurons were added to the coverslips at a 
density of 2xl05 cells/well and following 24 hours in culture were fixed using 
Luduena fixative containing 12 M sucrose 0.5 M CaCl2, , 2% gluteraldehyde in 0.12 
M phosphate buffer pH 7.4. Coverslips were stained to visualise neurites with 1% 
weight: volume Cresyl violet crystals (Sigma) dissolved in PBS, containing 1% 
acetic acid at RT for 5 minutes. Finally the coverslips were washed, mounted and the 
percentage of forebrain neurons extending neurite outgrowth was calculated as 
before.
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Homophilic and Heterophilic Trans 
Affinity of IgLONs
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HOMO AND HETEROPHILIC TR A N S  AFFINITY OF 
IgLONs
INTRODUCTION
Individual IgLON family members have demonstrated both homophilic and 
heterophilic trans interactions. In binding studies LAMP homophilic interaction 
aggregated microspheres and LAMP expressing limbic axons bound preferentially 
to purified LAMP substrate when compared to non-limbic axons (LAMP negative) 
(Zhukareva and Levitt, 1995). LAMP expression on a subset of thalamocortical 
projections showed a preference for LAMP in a stripe assay (Mann et al., 1998). 
Similarly, cross-linking studies, aggregation, binding and cell adhesion assays using 
Ntm (CEPU-1) transfected CHO cells and Ntm-FC recombinant protein 
demonstrated a homophilic interaction for Ntm (Gil et al., 1998). Several other 
studies using IgLON-FC recombinant proteins binding to various IgLON expressing 
cell lines have revealed homo and heterophilic interactions between CEPU-1, 
LAMP, OBCAM and Ntr (Kilon) (Brummendorf et al., 1997; Gil et al., 1998; Marg 
et al., 1999; Lodge et al., 2000; Gil et al., 2002; Miyata et al., 2003b).
As a result of these homophilic and heterophilic trans interactions neuronal 
cells expressing IgLONs would be expected to adhere to an IgLON substrate. Chick 
DRG (dorsal root ganglion) and sympathetic neurons express LAMP, OBCAM and 
CEPU-1 but only adhered to CEPU-1-FC and not to LAMP-FC recombinant protein 
(McNamee et al., 2002). Similarly, cerebellum granule cells (CGC) demonstrated an 
adhesion preference to CEPU-1-FC and did not adhere to LAMP-FC substrate (Reed 
et al., 2004). Furthermore, neurons expressing IgLONs generally have a reduced 
affinity for IgLON-FC recombinant proteins in general and appear not to bind any 
LAMP-FC.
To try to explain this anomaly of the inability of neurons to interact with 
LAMP the relative homo and heterophilic affinities between three members of the 
IgLON family, CEPU-1, OBCAM and LAMP were examined. Ntr (Kilon), the 
fourth member of the family was not available so could not be included in these 
experiments. Initially, homophilic interactions were measured using IgLON-FC 
recombinant proteins attached to fluorescent microspheres. The hypothesis was 
IgLON homophilic interactions would aggregate the microspheres into clumps and
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measurement of the number of microspheres remaining single by fluorescent 
activation cell sorting (FACS) would give an indication of the strength of the 
homophilic affinity. The greater the number of single microspheres remaining 
indicting a lower strength of homophilic interaction. Heterophilic trans interactions 
between IgLONs were then investigated using an ELISA type assay. In this assay the 
amount of IgLON-FC recombinant protein binding to IgLON-CHO cells was 
measured to give a comparative measure of the relative affinities between the three 
members of the family.
IgLON-FC recombinant proteins and transfected CHO cell lines were already 
available at the start of this thesis for these assays (details of preparation Chapter 2 
Materials and Methods section 2.1). Addition of an FC-portion to an existing protein 
is a commonly used technique to produce a recombinant protein. The FC portion 
provides an epitope tag for purification of the protein (with Protein A or G) and 
commercial FC antibodies are available for easy identification of the recombinant 
protein. Furthermore, recombinant FC proteins are dimeric so are ideal for measuring 
low affinity interactions (figure 3.1).
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Figure 3, 1 Structure of IgLON-FC protein
Illustration of IgLON-FC recombinant proteins used in this thesis. The FC portion is 
represented as two red Ig domains and IgLON heads are represented as three green Ig 
domains. During post translational processing stable disulphide bridges are formed 
(yellow ) linking the Ig domains and the protein is glycosylated to produce the 
functional homodimeric IgLON-FC recombinant protein.
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AIM
This chapter will aim to compare the affinity of homophilic and heterophilic 
trans interactions between CEPU-1, OBCAM and LAMP and produce a hierarchy of 
the strength of their interactions.
RESULTS
Microspheres aggregation assay to measure tra n s  homophilic 
interactions of IgLONs
Protein G was coupled to fluorescent microspheres to capture the FC portion 
of IgLON-FC recombinant proteins and orientate the IgLON head portions for 
maximal binding interaction. Aliquots of these microspheres were incubated with 
2.5 |ig of recombinant protein and aggregation of the microspheres into clumps was 
analyzed by FACS flow cytometry. Since higher homophilic affinity results in fewer 
single microspheres, the percentage of microspheres remaining single was calculated 
and presented as a histogram (figure 3.2.A). Based on the measurement of 10,000 
detection events, 80% of microspheres covalently coupled with Protein G remained 
single and 6 8 % microspheres remained single when Protein G microspheres were 
incubated with 0x40 control protein to measure non-specific protein-protein 
interactions. 0x40 is a lymphocyte protein of the IgSF, engineered in the same way 
as IgLON-FC recombinant proteins. Since 0x40 has no significant homophilic 
binding interaction it was not expected to aggregate the microspheres and so acted 
as a negative control. 0x40 only slightly increased aggregation of the microspheres 
when compared to Protein G alone, suggesting non-specific protein-protein 
interactions were not significantly influencing aggregation of the microspheres. On 
incubation with IgLON recombinant proteins aggregation increased leaving only 
22% of microspheres single when incubated with CEPU-1-FC, 30% single with 
OBCAM-FC and 45% with LAMP-FC. Incubation with each of the IgLON-FC 
proteins had significantly increased aggregation of the microspheres, suggesting all 
three IgLONs were capable of homophilic interactions. Since the aliquots of 
microspheres and concentrations of recombinant proteins were equivalent 
homophilic affinities between the three recombinant proteins could be directly
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compared. CEPU-l-FC had the least number of single microspheres remaining, so 
was considered to have the strongest homophilic binding affinity; LAMP-FC had the 
most single microspheres remaining, so was the weakest. OBCAM-FC homophilic 
affinity was not significantly weaker than that of CEPU-l-FC, but was significantly 
higher than LAMP-FC (figure 3.2.A).
Comparison of microspheres clump sizes
Comparison of FACS traces of the number of microspheres in each clump 
indicated CEPU-1 had a greater number of larger clumps than LAMP (figure 3.2 B). 
The ability of CEPU-1 to form these larger clumps of microspheres supports CEPU- 
1 having a higher homophilic binding affinity than LAMP.
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1		 -I
ProteinG CEPU OBCAM LAMP 0x40
F ig u re  3 .2 .A  F lu o resce n t m ic ro sp h eres  a g g reg a tio n  a ssa y  
m ea su re d  Ig L O N  h o m o p h ilic  a ffin ity .
Histograms represent the number of single microspheres remaining following 
incubation of 100 pi aliquots of a 20% suspension of fluorescent microspheres with 
25 jug of IgLON-FC recombinant proteins for 15 min at room temperature (orange 
bars). Protein G and Protein G coupled with 0X40 protein negative controls 
remained predominantly as single microspheres (yellow bars). 0x40 protein had a 
weak effect on microspheres aggregation compared to protein G alone based on 2 
experiments (p <0.05). CEPU-1, OBCAM and LAMP-FC recombinant proteins 
aggregated the Protein G microspheres, leaving significantly fewer single 
microspheres compared to Protein G alone (p <0.001 for all IgLON-FC proteins 
marked as **) and compared to Protein G plus 0x40 microspheres (p <0.01 for 
LAMP-FC; p <0.001 for CEPU-l-FC and OBCAM-FC, based on 4 experimental 
repeats for LAMP and OBCAM, 3 for CEPU-l-FC. CEPU-1 had the least single 
microspheres remaining so was considered to have the highest homophilic affinity. A 
similar number of microspheres remained single after the homophilic interactions of 
CEPU-1 and OBCAM (p >0.05) but LAMP had significantly more single 
microspheres, so was considered to have a much weaker homophilic affinity than 
OBCAM and CEPU-1 (p <0.05).
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F ig u re  3 .2 .B  C o m p a riso n  b e tw een  C E P U -l-F C  a n d  L A M P -F C  
a b ility  to  a g g reg a te  m ic ro sp h eres
Each peak represents an aggregate containing a different number of microspheres. 
Peak 1 corresponds to single microspheres, peaks 2-4 are aggregates of increasing 
size, corresponding to groups of 2, 3 and 4 microspheres respectively. LAMP-FC 
coupled microspheres (dotted line peak) have a greater number of single 
microspheres in peak 1 over CEPU-l-FC coupled microspheres (solid peak line) 
which suggested LAMP has a lower homophilic binding affinity. The ability of 
CEPU-1 to produce a larger number of clumps of 2 and an even higher number of 3 
and 4 microspheres in the following peaks supported the suggestion that CEPU-1 has 
a higher homophilic binding affinity than LAMP. Only the CEPU-1 homophilic 
interaction was able to produced clumps of more than 4 microspheres end peaks.
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HETREROPHILIC AFFINITY OF IgLONs
CEPU-l was established as having the highest trans homophilic interaction 
of the three IgLONs tested, but microspheres aggregation assays provided no 
information on heterophilic interactions between IgLONs. Heterophilic interactions 
were compared by measuring the affinity of IgLON-CHO cell lines for recombinant 
proteins in an ELISA type assay. CHO cell lines were available for the start of this 
thesis (details of their preparation and characterisation are described in Chapter 2 
Materials and Methods section 2.4 and figure 2.6.1).
The affinity of confluent mono-layers of IgLON-CHO cell lines for IgLON- 
FC protein was measured in this ELISA assay (diagram figure 3.3). CHO-cell lines 
were incubated with combinations of recombinant proteins, followed by HRP- 
conjugated specific FC-antibody and 3,3’,5,5’-Titramethylbenzidine dihydrochloride 
(TMB) substrate. The enzyme activity of the HRP tag on the antibody produced a 
colour change in the TMB substrate which directly related to the amount of 
recombinant IgLON-FC bound and was detected at wavelength 450 nm in an ELISA 
plate reader. The strength of the TMB bound to the CHO-cells gave a comparative 
measure of both homo and heterophilic IgLON interactions.
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• f r  TMB substrate
F ig u re  3 .3  E L IS A  a ssa y
IgLON expressing CHO cell lines were cultured on a 96 well plate to confluence and 
incubated with individual IgLON-FC recombinant proteins. Incubation with 1:500 
dilution of goat anti human-IgG-HRP-conjugated antibody bound to the FC portion 
of the recombinant protein and TMB substrate was added. The HRP attached to the 
goat antibody produced a colour change in the TMB substrate, detected at a 
wavelength of 450 nm in an ELISA plate reader* equal to the amount of bound 
protein.
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IgLON-FC proteins binding to WT-CHO
In the first experiment WT and transfected IgLON-CHO cell lines were 
incubated with individual IgLON-FC recombinant proteins to establish the 
background level of non-specific FC-protein binding to CHO cells. The binding of 
CEPU-l-FC recombinant protein to WT-CHO was substantially less at all 
concentrations tested than the binding to the CEPU-l-CHO cells (figure 3.4) 
OBCAM-FC and LAMP-FC binding to WT-CHO was also considerably less than to 
OBCAM-CHO and LAMP-CHO respectively (data not shown). This suggested there 
were minimal non-specific recombinant protein interaction with CHO cells per se, so 
all interactions between IgLON-FC proteins and the IgLON-CHO cell lines were 
considered to be specific.
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Protein concentration pg/ml
F ig u re  3 .4  W T  C H O  a ffin ity  f o r  Ig L O N -F C  p ro te in s
In an ELISA assay TMB substrate colour change was measured at an optical density 
(OD) o f450 nm to give the amount ofCEPU-1 recombinant protein bound to WT and 
CEPU-l-CHO cells. Very little CEPU-l-FC bound to WT-CHO cells at each 
concentration, 0.1-10 pg/ml (flat blue line). Whereas there was a linear increase with 
each concentration of CEPU-l-FC binding to CEPU-l-CHO cells (red line). From 
this graph it was concluded that CEPU-l-FC binding was specific to CEPU-l-CHO 
and not to CHO cells per se. Similarly OBCAM-FC and LAMP-FC did not bind to 
WT-CHO cells (data not shown).
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IgLON-FC proteins binding to IgLON-CHO cell lines
Once non-specific recombinant protein binding to CHO cells was established 
not to be significant, each of the three IgLON-CHO cells lines was incubated for 1 
hour at room temperature with CEPU-l-FC, OBCAM-FC and LAMP-FC 
recombinant proteins at a concentration range of 0.1-10 pg/ml, followed by goat a  
human-IgG-HRP-conjugated antibody, diluted 1:5000 in culture medium, for 1 hour, 
finally TMB substrate was added. All data sets are based on three separate 
experiments and are calculated minus the value obtained for incubation of the CHO 
cells without recombinant protein, to eliminate background of secondary antibody 
binding. Graphs illustrating the amounts of recombinant proteins bound to each 
IgLON CHO cell line were prepared using the Prism program (figures 3.5 A-C).
CEPU-l-CHO affinity for IgLON-FC proteins
In the first of these graphs (figure 3.5 A) CEPU-l-CHO cells show a higher 
affinity for LAMP-FC, than for CEPU-l-FC and least affinity for OBCAM-FC. 
From this data it was concluded that CEPU-1:LAMP had the highest heterophilic 
interaction, followed by CEPU-LCEPU-l homophilic interaction and CEPU- 
LOBCAM was the weakest of the interactions.
OBCAM-CHO affinity for IgLON-FC proteins
In the second graph (figure 3.5 B) OBCAM-CHO cells had a higher affinity 
for LAMP-FC above CEPU-l-FC and OBCAM-FC. This suggested the two 
heterophilic interactions of OBCAM: LAMP and OBCAM: CEPU-1 were stronger 
than the OBCAM homophilic binding interaction.
LAMP-CHO affinity for IgLON-FC proteins
Finally, LAMP CHO cells had similar affinities for CEPU-l-FC and 
OBCAM-FC, but the affinity for LAMP-FC was markedly reduced and was not 
much above background level, even at highest concentration of 10 |ig/ml (figure 3.5 
C). These graphs suggested LAMP has a strong heterophilic interaction with both 
CEPU-1 and OBCAM, but a very weak homophilic interaction.
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------ B— * CEPU-1-Fc
— e— LAMP-Fc
— * — OBCAM-Fc
F ig u re  3 .5  A  C E P U -l-C H O  b in d in g  o f  Ig L O N -F C p ro te in s
The affinity of triplicate wells of CHO cell lines for IgLON-FC recombinant proteins, 
diluted 0.1-10 jUg/ml was measured in three separate experiments. The amount of 
protein bound was calculated from TMB substrate colour change, measured at an 
optical density of 450nm (OD 450 nm) minus a control OD value containing no 
recombinant protein. In this first figure CEPU-1 CHO cells had a higher affinity for 
LAMP-FC (red line) than CEPU-FC (green line) with OBCAM-FC (blue line) having 
the least amount of protein bound. This suggested the strongest interaction is the 
CEPU-1 .LAMP trans heterophilic interaction, followed by the CEPU-1 homophilic 
interaction and finally the heterophilic CEPU-1 :OBCAM interaction is the weakest of 
these interactions.
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F ig u re  3 .5 .B  O B C A M -C H O  b in d in g  o f  Ig L O N -F C p ro te in s
OBCAM-CHO cells had a higher affinity for LAMP-FC (red line) than CEPU-FC 
(green line) with OBCAM-FC (blue line) having the least amount o f protein bound. 
This suggested OBCAM has high trans heterophilic interactions with LAMP, and 
CEPU-1, but a low homophilic interaction.
F ig u re  3 .5 .C  L A M P -C H O  b in d in g  o f  Ig L O N -F C  p ro te in s
LAMP-CHO cells had a more distinct difference in their affinity for IgLON-FC 
proteins. LAMP-CHO had a similar affinity for CEPU-1-FC (green line) and 
OBCAM-FC (blue line) but a very low affinity for LAMP-FC (red line). The affinity 
for LAMP-FC was not much higher than the background level, minus recombinant 
protein, even at highest concentration of 10 pg/ml. This suggests LAMP has a high 
trans heterophilic interaction with CEPU-1 and OBCAM, but a very weak 
homophilic trans interaction.
Homo and heterophilic interactions of IgLONs
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The optical density value for the highest concentration of recombinant protein 
was used to correlate the data for each IgLON binding interaction into a histogram. 
Two sets of data were combined for each heterophilic interaction i.e. LAMP-FC on 
CEPU-l-CHO is combined with CEPU-l-FC on LAMP-CHO, since these are the 
same trans IgLON interaction, whereas there is only one set of data for the 
homophilic interaction (figure 3.6.A).
Overall, the highest affinities were those between LAMP with both CEPU-1 
and OBCAM, suggesting that trans heterophilic interactions with LAMP are 
generally stronger than trans homophilic interactions. This was followed by the 
affinity between CEPU-1 with both CEPU-1 and OBCAM; finally the weakest 
interactions were the homophilic OBCAM:OBCAM and LAMP:LAMP interactions.
The results of IgLON interactions in this ELISA assay are used to propose a 
hierarchy of the binding interactions between IgLONs (figure 3 6.B). This figure 
represents the relative affinities of both hetero-and homophilic trans interactions 
between the three members of the IgLON family.
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IgLON INTERACTION
F ig u re  3 .6 .A  Ig L O N  tra n s  b in d in g  in tera c tio n s
Strengths of trans binding interactions between IgLON CHO cells and recombinant 
proteins are illustrated in this histogram. The orange bars represent the heterophilic 
interactions and are based on 6 sets of experimental data; yellow bars represent 
homophilic interactions, based on 3 repeats. Asterisks denote the level of significant 
difference between neighbouring bars i.e. LAMP:CEPU-1 (L+C) interaction is 
significantly stronger than LAMP.OBCAM (L+O p<0.05*). CEPU-1:CEPU-1 (C+C) 
interaction is the strongest of the homophilic interactions and is similar in strength to 
the L+O interaction. The lighter orange bar of CEPU-1 :OBCAM (C+O) interaction 
is mid range, but is significantly lower than the CEPU-I homophilic interaction 
(p<.001**). Finally the homophilic interactions of OBCAM and LAMP are the 
weakest of the IgLON interactions. OBCAM (O+O) homophilic interaction is 
significantly weaker than C+O (p<0.001 **) heterophilic interaction and LAMP 
(L+L) homophilic interaction is weaker than that of OBCAM (p<0.05*).
The relative affinities for trans hetero and homophilic interactions between the three 
members of the IgLON family LAMP (L) CEPU-1 (C) and OBCAM (O) based on 
ELISA assay measurements are presented in this diagram.
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DISCUSSION
The aggregation assay of microspheres bound with IgLON-FC proteins 
suggested there to be trans homophilic binding interactions between IgLONs, 
CEPU-1 having the highest homophilic affinity, followed by OBCAM and LAMP. 
ELISA assays confirmed aggregation of microspheres data, in that CEPU-1 once 
again had the highest homophilic affinity and LAMP the weakest. However, the 
higher resolution of the ELISA assay detected CEPU-1 homophilic interaction to be 
significantly stronger than that for OBCAM. This comparison is made with the 
caveat that the levels of IgLON expression on the surface of the CHO cells was 
assumed to be similar in the ELISA assays and does not take into account any 
differences in the levels of expression that may have existed between the cell lines.
The higher homophilic trans affinity of CEPU-1 in part explains previous data 
where DRG and sympathetic neurons adhered to CEPU-1-FC in preference to 
OBCAM-FC and LAMP-FC (McNamee et al., 2002). CGCs neurons confirmed this 
adhesion preference to CEPU-1-FC but showed no adhesion to a LAMP-FC substrate 
confirming the preference for a heterophilic interaction (Reed et al., 2004). Ntr-FC 
(rat homology of CEPU-1) has been shown to bind to DRG and hippocampal IgLON 
expressing neurons (Gil et al., 1998). In all these experiments the IgLON heads are 
attached to a FC tail which limits their ability to rotate freely but does not prevent a 
trans interaction. However, in contrast to these experiments LAMP expressing limbic 
neurons have been demonstrated to adhere to a LAMP substrate prepared from 
immuno-purified IgLON PiPLC-digested from adult hippocampal neurons suggesting 
a homophilic interaction for LAMP (Zhukareva and Levitt, 1995).When LAMP is 
purified by this method it does not have the constraints of the FC-tail and may be 
interacting with other IgLONs present on the surface of the hippocampal neurons. 
LAMP purified by this method also differs to these experiments in that it aggregated 
microspheres to suggest some homophilic interaction (Zhukareva and Levitt, 1995). 
These binding and ELISA assays propose there is a homophilic interaction for LAMP 
but it is relatively weak compared to other interactions within the family.
Homophilic interactions may not be the most important of the IgLON 
interactions, since heterophilic IgLON trans interactions are generally stronger than 
homophilic interactions; with the exception of the CEPU-1 which is comparable to 
the CEPU-1:OBCAM heterophilic interaction. Ntr (the fourth member of the IgLON
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family) was not available to be included in this study, however the apparent 
dissociation constant for the binding of recombinant Ntr protein to CEPU-l-CHO 
cells has previously been calculated as 3 x 10'8 M; which is physiological relevant in 
terms of receptor/ligand binding interactions. The binding of Ntr to LAMP-CHO was 
approximately five times weaker; and no homophilic binding interaction has been 
detected for Ntr (Marg et al., 1999; Gil et al., 2002). This data would suggest Ntr is 
similar to LAMP in that it has a high affinity for CEPU-1, a much lower affinity for 
LAMP and no significant homophilic binding affinity. These ELISA and 
microspheres aggregation assays suggest that OBCAM and CEPU-1 are most similar 
in terms of their binding affinities.
Based on these in vitro binding assays LAMP-FC would be predicted to bind 
well to neurons expressing CEPU-1 and OBCAM due to this strong heterophilic trans 
interactions. So far there is no explanation for the weak interactions between LAMP- 
FC and DRG, sympathetic or CGC neurons
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IgLONs Form Putative cis 
Heterodimeric Complexes
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IgLONs FORM PUTATIVE C IS  COMPLEXES 
INTRODUCTION
This thesis has presented data for trans interactions between IgLONs, but 
there is also evidence to suggest that IgLONs may form cis interactions in the plane 
of the membrane. Cross-linking studies using Ntm (rat CEPU-1) transfected cell lines 
revealed non-covalent cis homodimers and trans multimers form on the cell surface 
(Gil et al., 1998). Western blots analysis of cross-linked sub-confluent and confluent 
IgLON-CHO cell lines revealed the presence of cis homodimers on sub-confluent 
CHO cells, particularly on CEPU-1-CHO, with no cis homodimers on LAMP-CHO 
cells (unpublished data James Reed). Also the formation of tetramer and multimer 
complexes on confluent CEPU-1 and OBCAM and to a lesser extent on LAMP-CHO, 
suggests there to be both cis and trans interactions between IgLONs. The higher 
homophilic affinity of CEPU-1 and OBCAM may explain why the larger trans 
complexes observed more readily formed on the confluent cells.
There is some evidence that IgLONs prefer to interact as dimeric molecules as 
opposed to monomers. Monomeric CEPUse (the secreted isoform of CEPU-1) did not 
detectably bind to transfected CEPU-1-CHO cell line until it was presented as a 
homodimeric molecule suggesting both heads of IgLON molecules must bind for the 
trans interaction to be stabilised (Lodge et al., 2000) so IgLON may well form dimers 
in cis rather than remaining as monomers.
The suggestion that IgLONs may interact in cis, prefer to act as dimers and 
have a strong heterophilic interaction in trans, raised the possibility that IgLONs may 
also come together to form cis heterodimeric complexes. In principle, this may occur 
in vivo since expression of more than one IgLON has been demonstrated on 
individual neurons in several areas of the developing and adult nervous system 
(Struyk et al., 1995; Gil et al., 2002; Miyata et al., 2000).
A series of experiments examines the hypothesis that co-expression of two 
members of the IgLON family on the surface of CHO-cells results in the formation of 
putative cis heterodimeric complexes. The formation of these complexes may result 
in an altered trans affinity for other IgLONs and begins to explain the inability of 
LAMP-FC to bind to the surface of some neurons.
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Identification of IgLON putative cis complexes 
AIM
The aim was to introduce a second IgLON onto the surface of transfected 
CHO cell lines and detect the formation of any putative heterodimeric complexes by 
measuring alterations in trans binding affinity for IgLON-FC recombinant proteins.
RESULTS
pOIG and pLIG plasmid vectors to introduce a second IgLON onto 
the surface of CHO cells.
In order to introduce the additional IgLON onto transfected CHO cell lines 
two plasmid vectors were constructed with al-OBCAM-GPI or al-LAMP-GPI 
sequence under the control of the Beta actin ((3-actin) promoter in the IRES-GFP 
plasmid. For convenience OBCAM sequence cloned into the IRES-GFP plasmid 
vector is identified as pOIG and LAMP sequence as pLIG (Reed et al., 2004). 
Details of plasmid construction are in Materials and Methods section 2.9.
Confirmation of pOIG and pLIG expression on CHO cells
Endotoxin free pOIG and pLIG plasmid DNA was prepared from bacterial 
cultures using a Sigma maxi kit and used to transiently transfect WT-CHO cells using 
Fugene™ transfection reagent. Cells transfected with the plasmids were identified by 
intracellular GFP expression, on a LEICA LEITZ microscope using filters, with 
excitation 495nm, and emission 525nm. Expression of either OBCAM or LAMP was 
identified by staining with specific rat antisera, labeled by a second Texas Red™ 
conjugated anti-rat antibody, visualized using filters to select for excitation at 596nm, 
620nm emission. Some WT-CHO cells stained positively for expression of OBCAM 
or LAMP but without distinct detection of the GFP fluorescent tag, indicating there 
may be an underestimation of the sub-population of CHO cells expressing OBCAM or 
LAMP in future experiments (data not shown).
An alternative plasmid vector, pBUD CE 4.1 (Invitrogen) was tested in similar 
experiments to evaluate IgLON expression with accompanying GFP expression. 
LAMP or OBCAM IgLON sequences along with GFP-tag sequences were cloned into 
separate polylinkers within the pBUD CE4.1 plasmid (James Reed). In this case some
93
Chapter Four
cells expressed GFP but failed to express detectable levels of accompanying OBCAM 
or LAMP. In addition a small percentage of cells expressed LAMP or OBCAM but 
GFP-tag expression was not detectable (data not shown). This plasmid was not 
consistent enough with either IgLON or GFP tagged expression, so it was decided to 
use the pOIG and pLIG vectors for all future experiments, with the caveat that there 
may be an underestimation of doubly transfected CHO cells in the population due to a 
low percentage of cells expressing OBCAM or LAMP but not the GFP tag.
Transient expression of two IgLONs
Transient transfection of pOIG and pLIG plasmids introduced OBCAM or 
LAMP respectively on to the surface of a sub-population of IgLON expressing CHO 
cell lines, resulting in a culture with two distinct populations of cells. Identification of 
the individual CHO cells transiently transfected with pOIG or pLIG was by GFP 
expression in the cytoplasm. IgLON trans affinity to the two populations of cells was 
measured by live staining with 30 p.1 of 25 |ig/ml IgLON-FC recombinant proteins, 
visualized by binding of a 1:100 dilution of Texas Red™ conjugated specific FC 
secondary antibody, examined on a LEICA LEITZ microscope. An altered trans 
binding affinity for the recombinant protein by the transiently transfected CHO cells 
would suggest the formation of putative cis heterodimers (figure 4.1).
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«HrTexas red conjugated 
FC specific antibody
F fig u re  4 .1  A lte re d  tra n s a ffin ity  f o r  Ig L O N -F C  p ro te in s  su g g es ts  a  
p u ta tiv e  c is  h e tero d im eric  Ig L O N  co m p lex
The first part of the diagram illustrates the heterophilic trans interaction between 
LAMP on the CHO cell surface with OBCAM-FC recombinant protein (opposing 
yellow and blue shapes). The second part of the diagram illustrates additional 
OBCAM (green shape) transiently transfected by the pOlG plasmid onto the CHO cell 
surface. Accompanying cytoplasmic GFP expression (green oval) identifies the CHO 
cells expressing the additional IgLON. Texas Red™-labelled antibody bound to the 
FC portion of the OBCAM-FC recombinant protein, visualised as red fluorescence 
*gave a measure of the affinity for OBCAM-FC by the two populations of CHO cells. 
An alteration in the trans binding affinity for OBCAM-FC protein by the green 
subpopulation of CHO cells expressing both LAMP and OBCAM would suggest a 
putative heterodimeric complex had formed on the CHO cell membrane.
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Affinity for IgLON-FC protein by two populations of CHO cells
The binding of recombinant protein to the IgLON-CHO cells are presented as a 
series of photomicrographs (figures 4.2 A-D). The first photomicrograph in the series 
is a phase contrast image of the CHO cells in the field (i). The second 
photomicrograph highlights green fluorescent CHO cells transiently transfected to 
express the additional OBCAM or LAMP and cytoplasmic GFP (ii). The third 
photomicrograph identifies IgLON-FC recombinant protein bound to the CHO cells as 
Texas Red™ fluorescence (iii). The final photomicrograph is a composite of images 
two and three (iv). This composite image allows comparison of the binding affinity for 
IgLON-FC recombinant protein on the two populations of CHO cells. Any alteration 
in Texas Red ™ fluorescence intensity on the green cells suggests the additional 
OBCAM or LAMP expressed by these cells have altered IgLON trans binding 
affinity.
Introduction of OBCAM expression onto LAMP-CHO cell line
In the first experiment, pOIG introduced OBCAM expression onto LAMP- 
CHO cells and the binding affinity for OBCAM-FC recombinant protein was tested. 
The CHO cells expressing LAMP and OBCAM are marked with arrows in figure
4.2. A i, ii, iii. In photomicrograph iv, a definite variation in Texas Red™ fluorescence 
was detected between the two populations of CHO cells. There is a significant 
reduction in Texas Red™ fluorescence on the sub-population of green fluorescent 
CHO cells expressing both LAMP and additional OBCAM. This reduction in Texas 
Red™ fluorescence (in some cases to below the level of detection) suggested that 
introduction of OBCAM onto LAMP-CHO cells had altered the trans binding affinity 
for OBCAM-FC. When tested with CEPU-l-FC recombinant protein there was a 
similar reduction in Texas Red™ fluorescence intensity on the green cells (figure
4.2. B). In contrast, LAMP-FC recombinant protein Texas Red™ fluorescent intensity 
increased on the green cells suggesting the affinity for LAMP-FC had increased 
(figure 4.2.C).
This first set of results demonstrated that introducing expression of OBCAM 
onto LAMP-CHO cells significantly altered the trans binding interaction of IgLON- 
FC proteins. The CHO cells expressing LAMP had a high affinity for OBCAM-FC 
and CEPU-l-FC, consistent with ELISA assay data, but this affinity declined with the 
introduction of OBCAM onto the CHO cell surface.
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Introduction of LAMP expression onto OB CAM CHO
The second vector pLIG introduced LAMP on to a sub-population of 
OBCAM-CHO cells. In this experiment LAMP-FC Texas Red™ fluorescence was 
visible on the surface of OBCAM-CHO cells, but substantially decreased on the sub­
population of CHO cells expressing additional LAMP (figure 4.2.D). There was also 
a difference in affinity for OBCAM-FC recombinant protein by these two populations 
of cells. The CHO cells expressing LAMP and OBCAM had slightly increased Texas 
Red™ fluorescence intensity, suggesting these cells had a higher affinity for 
OBCAM-FC than the surrounding OBCAM-CHO cells (figure 4.2.E). The OBCAM- 
CHO cells high affinity for LAMP-FC was consistent with the previous ELISA assay 
data, and once again introducing a second IgLON onto the surface of the CHO cells 
altered trans binding interaction of recombinant protein.
Introduction of LAMP expression onto CEPU-l-CHO
When pLIG introduced LAMP onto the surface of CEPU-l-CHO cells, there 
were once again changes in the affinity for recombinant proteins. Texas Red™ 
fluorescence intensity indicated CEPU-l-CHO had a high affinity for LAMP-FC but 
this substantially reduced on the sub-population of CHO cells expressing both LAMP 
and CEPU-1 (figure 4.2.F). In contrast a slight increase in Texas Red™ intensity on 
the CHO cells expressing both LAMP and CEPU-1 compared to the CEPU-1 only 
indicated the affinity for OBCAM-FC had increased (figure 4.2.G).
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Introduction of OBCAM-GFP into CEPU-l-CHO
In the final series of experiments, pOIG introduced OBCAM-GFP expression 
into CEPU-l-CHO cells (figure 4.2.H-J). A high Texas Red™ fluorescent intensity on 
both populations of cells suggested a higher overall affinity for LAMP-FC (figure
4.2.H). The overall Texas Red™ fluorescent intensity for bound OBCAM-FC and 
CEPU-l-FC was lower than in previous experiments and there was no significant 
change in fluorescent intensity was detected between the two populations of cells 
(figure 4.2.1, J). The trans binding affinities between CEPU-1 and OBCAM was found 
to be similar in the ELISA assays and so may explain why introducing OBCAM into 
these CEPU-l-CHO cells produced no change in the affinity for IgLON-FC 
recombinant protein. This final set of experiments acted as a control to demonstrate 
that merely increasing the level of IgLON expression on the CHO cell surface (by 
introducing additional OBCAM on to the CEPU-l-CHO surface) was not increasing 
the overall trans affinity for IgLON-FC recombinant proteins.
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LAMP-CHO + OBCAM/GFP + OBCAM-Fc
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F ig u re  4 .2 .A  P h o to m icro g ra p h s  o f  O B C A M -F C  b in d in g  to  L A M P -  
C H O  ce lls  tra n sien tly  tra n sfec ted  w ith  p O I G
pOIG plasmid introduced expression of OBCAM onto a subpopulation of LAMP- 
CHO cells and the affinity for OBCAM-FC was compared on the two populations of 
cells. Photomicrograph i, is a phase image of the CHO cells in the field of view. In 
photomicrograph ii, green fluorescence identifies a LAMP-CHO cell-expressing 
OBCAM is highlighted with an arrow. In photomicrograph iii, OBCAM-FC protein 
binding to the CHO cells is visualised as Texas Red™ fluorescence. Image ii is 
merged with image iii to give composite photomicrograph iv. There is a substantial 
reduction in Texas Red™ fluorescence intensity on the green fluorescent cell 
expressing both LAMP and OBCAM on the cell surface. A cell highlighted by yellow 
asterisk ( ) has reduced red fluorescence in image iii and iv but does not appear to be 
expressing the pOIG plasmid as green fluorescence is not detected in image i. On 
initial testing of the pOIG plasmid in WT-CHO some cells were found to express the 
IgLON without detectable levels o f GFP. This cell is most likely to be expressing 
additional OBCAM but possibly at a lower level o f expression so producing a lighter 
red fluorescent stain (discussed page 93). Scale bar is 25 pm.
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LAMP-CHO *  OBCAM/GFP + CEPU-1-Fc
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F ig u re  4 .2 .B  P h o to m icro g ra p h s  o f  C E P U -F C -b in d in g  to  L A M P -C H O  
ce lls  tra n sien tly  tra n sfe c te d  w ith  p O I G
These photomicrographs have the same format, but illustrate the affinity of the two 
populations of CHO cells for CEPU-l-FC. The sub-population of CHO cells 
expressing both OBCAM and LAMP are visualised by green fluorescence in image ii, 
arrowed cells. Note the reduction in Texas Red™ fluorescence on these arrowed cells 
in Hi. Composite image iv clearly identifies the CHO cells co-expressing OBCAM and 
LAMP have reduced Texas Red1M fluorescence compared to the remaining cells 
expressing LAMP.
LAMP-CHO + OBCAM/GFP + LAMP-Fc
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F ig u re  4 .2 .C  P h o to m icro g ra p h s  o f  L A M P -F C -b in d in g  to  L A M P -C H O  
ce lls  tra n sien tly  tra n sfe c te d  w ith  p O I G
Comparison of the affinity for LAMP-FC by the two populations of cells showed an 
increase in Texas Red™ fluorescent intensity on some cells image iii. Composite image 
iv identifies the increase in intensity is on the green fluorescent cells, expressing both 
LAMP and OBCAM, whereas the remaining LAMP-CHO cells have an extremely weak 
affinity for LAMP-FC.
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F ig u re  4 .2 .D . P h o to m icro g ra p h s o f  L A M P -F C -b in d in g  to  O B C A M -  
C H O  ce lls  tra n sien tly  tra n sfec ted  w ith  p L I G
pLIG plasmid introduced expression of LAMP onto a subpopulation of OBCAM-CHO 
cells and the affinity for LAMP-FC was compared on the two populations of cells. In 
phase contrast image i some cells have a more rounded morphology and thicker, 
phase bright, plasma membrane. In photomicrograph Hi note how these phase bright 
OBCAM-CHO cells have increased Texas Red™ fluorescent intensity resulting from 
their thicker cell membrane (highlighted by arrowheads in images i, iii) An OBCAM- 
CHO cell, expressing LAMP is identified by green fluorescence and highlighted with 
an arrow in photomicrographs i,ii and iii. In composite image iv, there was a 
substantial reduction in Texas Red™ fluorescent intensity on the green cell expressing 
both OBCAM and LAMP which suggested these cells have a lower affinity for LAMP- 
FC.
OBCAM-CHO + LAMP/GFP + OBCAM-Fc
p t o M
VN  '  -  : -
' V .
GFP Texas Hod c o m p o s ite
# •  • •  •  • ivi 11 ill
F ig u re  4.2 .E . P h o to m icro g ra p h s o f  O B C A M -F C -b in d in g  to  O B C A M -  
C H O  ce lls  tra n sien tly  tra n sfec ted  w ith  p L IG
When the affinity for OBCAM-FC recombinant protein was tested on the pLIG 
transfected OBCAM-CHO cells there was a slight increase in Texas Red™ fluorescent 
intensity on the green cells expressing both OBCAM and LAMP compared to the 
surrounding OBCAM-CHO cells, composite photomicrograph image iv.
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CEPU-1-CHO LAMP/GFP + LAMP-Fc
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Figure 4.2. F. Photomicrographs of lAMP-FC-binding to CEPU-1 
CHO cells transiently transfected with pLIG
pLIG plasmid introduced expression of LAMP onto a subpopulation of CEPU-1 -CHO 
cells and the affinity for LAMP-FC was compared on the two populations of cells. A 
CEPU-1-CHO cell expressing LAMP, identified by green fluorescence, is highlighted 
with an arrow in photomicrographs i ii and iii. In composite image iv there was a 
substantial reduction in Texas Red™ fluorescent intensity on this green cell which 
suggested a lower affinity for LAMP-FC.
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Figure 4.2.G. Photomicrographs of OBCAM-FC-binding to CEPU-1 
CHO cells transiently transfected with pLIG
Affinity for OBCAM-FC recombinant protein was tested on the same culture of CHO 
cells. In composite photomicrograph image iv there was a slight increase in Texas 
Red™ fluorescent intensity on the green cell (expressing both CEPU and LAMP) 
compared to the surrounding OBCAM-CHO cells suggesting a higher affinity for 
OBCAM-FC recombinant protein.
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CEPU-1-CHO + OBCAM/GFP + LAMP-Fc
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Figure 4.2.H. Photomicrographs of LAMP-FC-binding to CEPU-1 
CHO cells transiently transfected with pOIG
pOIG plasmid introduced expression of OBCAM onto a subpopulation of CEPU-1 - 
CHO cells and the affinity for LAMP-FC was compared on the two populations of 
cells. In composite image iv Texas Red™ fluorescent intensity was similar on both the 
green fluorescent CHO cells expressing CEPU-1 and OBCAM and on the cells 
expressing only CEPU-1 suggesting there to be no change in binding affinity for 
LAMP-FC.
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CEPU-1-CHO + OBCAM/GFP + OBCAM-Fc
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Figure 4.2.1. Photomicrographs of OBCAM-FC-binding to CEPU-1 -  
CHO cells transiently transfected with pOIG
Affinity for OBCAM-FC recombinant protein was tested on the same two populations 
of CHO cells Texas Red™ fluorescent intensity of bound OBCAM-FC was generally 
weaker than in the previous experiments on all the CHO cells reflecting an overall 
lower affinity for OBCAM-FC.
c o m p o s ite
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Figure 4.2. J. Photomicrographs of CEPU-l-FC-binding to CEPU-1 -  
CHO cells transiently transfected with pOIG
Overall Texas Red™ fluorescent intensity of bound CEPU-l-FC was again weaker 
and remained unchanged on both CEPU-l-CHO and CEPU-1- transfected with 
OBCAM.
com posite
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Summary of altered tra n s  affinity for IgLON-FC recombinant 
protein identification of c is heterodimers
In summary, introducing a second IgLON onto the surface of CHO cells 
altered the trans affinity for recombinant proteins. There was a reduced affinity for 
OBCAM-FC and CEPU-l-FC, but enhanced LAMP-FC binding affinity when pOIG- 
introduced OBCAM onto the surface of LAMP-CHO to suggest a putative cis 
LAMP-OBCAM (LO) complex had formed. pLIG introducing LAMP onto both 
OBCAM and CEPU-l-CHO reduced LAMP-FC affinity, but increased the binding 
affinity for OBCAM-FC. This supported the formation of a putative cis LO and 
suggested the formation of a LAMP-CEPU-1 (CL) complex. Due to their similar 
trans binding affinities pOIG introducing OBCAM onto the surface of CEPU-l-CHO 
did not provide any evidence for a putative CEPU-1-OBCAM (CO) complex, but 
demonstrated that merely increasing IgLON expression on the CHO cell surface was 
not responsible for altering IgLON-FC recombinant binding.
Proposed tran s binding interactions of IgLON-FC with double 
IgLON-CHO cells
Since IgLONs prefer to act as dimers each IgLON head of the recombinant 
protein should interact in trans with an IgLON monomer on the CHO cell surface for 
the binding of the recombinant protein to be stabilised. The trans interactions 
between each portion of the IgLON-FC and IgLONs on the CHO cell surface are 
illustrated in diagrams figure 4.3.A-J. Data of the comparative strengths of IgLON 
binding affinities from the previous chapter then propose an explanation as to how 
introducing LAMP or OBCAM onto the CHO-cell surface may have the altered the 
trans affinity for recombinant proteins and caused their binding to be destabilised.
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Figure 4.3.A-C IgLON-FC trans interactions with LO putative 
heterodimer
The hierarchy of trans binding affinities between IgLONs may explain the altered 
affinity for recombinant proteins. The strength of the trans affinity between each 
IgLON head of the recombinant protein and each monomer on the CHO cell surface is 
considered in the following diagrams. The black lines highlight a high affinity trans 
interactions, single letters represent IgLON molecules on the CHO cell surface C- 
CEPU-1, O-OBCAM, L-LAMP; C monomers are represented as yellow ovals, O as 
blue ovals and L as red ovals. In the first example evidence for LO heterodimer 
complex was based on the reduction in both CEPU-l-FC and OBCAM-FC 
recombinant protein binding when additional O was expressed on L-CHO cells. L 
alone expressed on the surface of CHO cells allows both heads of OBCAM-FC to 
interact with L monomers (Ai). Following introduction of O it is proposed that a 
putative LO cis complex forms and destabilises OBCAM-FC binding since only the L 
portions of the complex is strong enough to interact with the OBCAM-FC protein, the 
OBCAM trans homophilic interaction being too weak to support an interaction(Aii). 
Additional O monomers or homodimers may possibly be present on the cell surface 
further weakening OBCAM-FC interaction (Aiii). A similar situation occurs with 
CEPU-l-FC (B), CEPU-l-FC initialy binds with high affinity when only L is on the 
cell surface (Bi) but introduction of O forms an LO complex destabilises the CEPU-l- 
FC interaction due to the weaker CEPU-1:OBCAM trans interaction (Bii). The 
reverse situation may explain the increased binding of LAMP-FC when OBCAM is on 
the CHO cell surface (C). The stronger OBCAM: LAMP trans affinity may have 
enabled some weak interaction between the O portions of LO complex allowing some 
binding of LAMP-FC (Cii). Over-expression ofpOIG may have resulted in additional 
O on the cell surface, further increasing the affinity for LAMP-FC (Ciii).
106
Chapter Four
D * • •  • • •  r i  •  • •  • • •i u in E i u m
Figure 4.3.D-E IgLON-FC trans interactions with LO putative 
heterodimer
Initially O on the CHO cell surface had a high trans affinity for LAMP-FC (Di) but 
pLIG introduced expression of L onto the surface of O-CHO cells and the formation 
of a putative LO complex destabilised the binding of LAMP-FC because of the weak 
homophilic trans affinity of the L portion of the complex for LAMP-FC (Dii). 
Furthermore, any additional L on the cell surface would not interact with LAMP-FC 
(D iii). By contrast the homophilic affinity between O on the CHO cell and OBCAM- 
FC has a weak affinity, but when L was introduced the affinity for OBCAM-FC began 
to increase since there is a high trans affinity between OBCAM-FC and the L portion 
of the LO complex (E ii) additional O on the CHO cell surface may have further 
increased the affinity for OBCAM-FC (E iii).
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Figure 4.3.F-G IgLON-FC trans interactions with CL putative 
heterodimer
Similarly pLIG introduction ofL  onto CEPU-l-CHO resulted in a reduced affinity for 
LAMP-FC to support the formation of a putative CL cis complex. The putative CL 
complex had the same effect as LO complex on recombinant protein binding. The 
weak affinity between the L portions of the complex no longer stabilised the binding 
of LAMP-FC (F ii). By contrast, additional expression of L increased OBCAM-FC 
recombinant protein affinity (G ii, iii).
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Figure 4.3.H-J IgLON-FC trans interactions with CO putative 
heterodimer
When OIG introduced O onto the cell surface (Hii) there was no change in 
recombinant protein binding because both C and O portions of the complex have 
similar trans binding affinities. LAMP has a similar trans affinity with both portions 
of the putative CO complex so the strong affinity for LAMP-FC was maintained when 
additional O was on the surface of the CHO cells (H ii). Even though OBCAM-FC 
and CEPU-l-FC binding was generally weaker compared to LAMP-FC (indicated by 
the thinner black lines LJ) it remained constant (I ii, iii; J ii, iii). Additional 
expression of O on the surface of the CHO cells had no affect on the overall affinity 
for the recombinant proteins so this experiment could not provide any evidence for a 
putative CO heterodimer, but it did show mearly incresing the level of expression of 
IgLONs was not responsible for increasing IgLON-FC binding .
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Quantization of putative c is  complex affinity for IgLON-FC 
proteins
In these experiments the amount of bound IgLON-FC recombinant proteins to 
the two populations of CHO-cells was made by visually comparing Texas Red™ 
fluorescence intensity and did not provide any quantitative measure. Metamorph™ 
software quantified the fluorescent intensity of bound OBCAM-FC and CEPU-l-FC 
to LAMP-CHO and LAMP plus OBCAM-CHO cells to give an actual measurement 
for the trans interaction between the CHO cells and the recombinant protein, figure 
4.4, courtesy of James Reed, (Reed et al., 2004).
The fluorescent intensity of bound OBCAM-FC and CEPU-l-FC recombinant 
proteins was measurably reduced on LAMP-OBCAM-CHO cells compared to 
LAMP-CHO cells to confirm the visual observations in the previous experiment.
Introduction of a second IgLON onto CHO cells does not alter overall 
IgLON expression
One possible explanation for the change in the binding affinity for IgLON-FC 
recombinant proteins was the additional IgLON introduced onto the CHO cells had 
altered the overall level of IgLON expression. To confirm that OBCAM expression 
was unchanged with the co-expression of LAMP, the CHO cells were immuno- 
stained with OBCAM rat antiserum and visualised with a Texas-Red™ conjugated 
goat anti-rat secondary antibody. Measurement of the fluorescent intensity 
demonstrated there was no significant difference in OBCAM expression on the two 
populations of cells. This suggested OBCAM expression was unaffected and not 
compromised by the incorporation of LAMP onto the cell membrane, histograms 
figure 4.5 courtesy of James Reed, (Reed et al., 2004))
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Figure 4.4 Quantification of fluorescent intensity of bound IgLON-FC 
proteins to LAMP CHO and LAMP+OBCAM-CHO
The first histogram in each pair corresponds to binding of recombinant protein to 
LAMP-CHO cells; the second histogram has additional OB CAM transfected on to the 
LAMP-CHO cell surface. The affinity for OBCAM-FC significantly reduced on the 
CHO cells expressing both LAMP and OBCAM compared to the LAMP-CHO (A). 
CEPU-l-FC affinity similarly reduced on LAMP-OBCAM CHO (B). Data based on 
measurements of 100 cells, normalised to remove background and statistics compiled 
using Microsoft Excel (figures courtesy of Reed et al., 2004)).
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OBCAM-CHO + LAMP/GFP stained with anti-OBCAM
A B
Figure 4.5. Additional co-expression of LAMP did not alter 
expression of OBCAM
In part A the arrow identifies a CHO cell expressing both OBCAM and LAMP. 
Once stained with OBCAM specific antiserum there was no visual difference in 
staining intensity between those CHO-cells expressing OBCAM and those 
expressing additional LAMP. Histogram part B compares measurement of 
fluorescence intensity on 100 cells from both populations. There was no 
significant difference between the fluorescence intensity of OBCAM on both 
populations of cells so the addition of LAMP on the CHO cells had not 
compromised OBCAM expression.
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Preparation of double IgLON CHO cell lines
The previous experiments provided evidence of putative heterodimeric cis 
LAMP-OBCAM (LO) and CEPU-l-LAMP (CL) complex formation, but did not 
provide any evidence for cis complex formation between CEPU-1 and OBCAM (CO). 
A CO-CHO stably transfected cell line was prepared to investigate the formation of 
putative CO complexes, alongside a CL-CHO cell line. In these cell lines the balance 
of expression of the two IgLONs was more consistent and so enabled further 
experiments to investigation the function of putative heterodimeric IgLON complexes. 
The pBud CE 4.1 (Invitrogen) plasmid vector was choosen to prepare these cell lines 
since it contains two separate cloning sites and could introduce both IgLON sequences 
simultainiously into the CHO-cells (details Materials and Methods section 2.11). CO 
and CL CHO-cell lines were selected in a similar way to original single CHO cell lines 
and characterised by immuno-cytochemistry (figure 4.6.A).
ELISA-assay confirms CO-CHO express CEPU-1 and OBCAM
An ELISA assay on the CO-CHO cell line using specific CEPU-1 and 
OBCAM rabbit antiserum further confirmed expression of both CEPU-1 and OBCAM 
on the surface of the CHO cells (figure 4.6.B).
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A. CEPU-l:OBCAM B. OBCAM C. CEPU-1
D CEPU-1:LAMP E. CEPU-1 F. LAMP
F ig u re  4 .6 .A . C h a ra c te r isa tio n  o f  C O  a n d  C L —C H O  c e ll  lin es
The CHO cells in the field are visible in phase contrast image 
photomicrograph A. Staining with OBCAM rabbit antiserum, detected with Alexa 
green 488 ™ labelled goat anti rabbit secondary antibody (Invitrogen) confirmed all 
the cells expressed OBCAM, photomicrograph B. Similarly staining with CEPU-1 
specific rat antiserum, detected with Texas-Redm  labelled donkey anti rat (Jackson 
laboratories) confirmed all the cells co-expressed CEPU-1, photomicrograph C. 
CEPU-1 rabbit (E) and LAMP rat antisera (F) confirmed the cells in phase contrast 
photomicrograph (D) expressed both CEPU-1 and LAMP. Primary and secondary 
antibodies were previously tested and shown to be specific.
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ELISA-assay in which CEPU-1 and OBCAM expression on CEPU-1- CHO (C) 
OBCAM-CHO (O) and CO-CHO cell lines is detected with 1:2000 dilutions of CEPU- 
1 (yellow bars) and OBCAM specific rabbit antiserum (orange bars) followed by 
1:2000 dilution of HRP conjugated goat anti rabbit antibody (Dako) and visualised 
using TMB substrate colour change measured at wavelength 450nm. CEPU-1 
expression was detected on C-CHO (first yellow bar) and OBCAM expression on O- 
CHO (fifth orange bar). There was minimal cross reactivity between the two antisera 
since CEPU-l did not significantly detect OBCAM on OBCAM-CHO (second yellow 
bar) and vice-versa OBCAM antiserum did not detect CEPU-1 on CEPU-l-CHO 
(fourth orange bar). Both CEPU-1 and OBCAM were detected on the CO-CHO cell 
line (third yellow bar and last orange bar respectively).
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ELISA-type assay supports putative CO complex formation
To detect the formation of a CO complex an ELISA assay measured the CO- 
CHO cell line affinity for LAMP-FC recombinant protein and compare it to that of 
individual CEPU-1 OBCAM and LAMP single CHO cell lines. LAMP-FC trans 
binding affinity was reduced significantly on the LAMP-CHO cell line compared to 
that on CEPU-1 and OBCAM-CHO cell lines. This was expected since a weak 
homophilic trans interaction for LAMP has already been established. The binding of 
LAMP-FC to CO-CHO cell line was also reduced to a similar level as that found on 
LAMP-CHO (figure 4.7). This was unexpected since the strong heterophilic trans 
interaction between LAMP with both CEPU-1 and OBCAM expressed on the CO- 
CHO cell line should have had a high affinity for LAMP-FC protein. This alteration in 
trans binding of LAMP-FC provides the first evidence to suggest that CEPU-1 and 
OBCAM also form a complex in cis.
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F ig u re  4.7 . C O  C H O  ce lls  a ffec t th e  tra n s b in d in g  o f  L A M P -F C .
In this ELISA assay binding of 1 jUg/ml LAMP-FC protein to CHO cells expressing 
LAMP, OBCAM, CEPU-I and CO CHO was again quantified by measurement of 
change in TMB substrate measured absorbance at 450 nm wavelength. In three 
experiments, LAMP-FC binding in trans to LAMP-CHO cells was significantly 
reduced compared to binding onto OBCAM and CEPU-l-CHO cell lines (p> 0.01 
**). LAMP-FC binding to CO-CHO cell line was similarly reduced to the low level 
found on LAMP-only CHO cells (p>0.01 **).
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DISCUSSION
The results described in this chapter provide the first evidence that IgLONs 
may interact in the plane of the membrane. The evidence is indirect and depends on 
interpreting differential binding affinities of IgLON-FC recombinant proteins by a 
mixed culture of CHO cells expressing either one or two IgLONs. A marked 
reduction in the affinity for recombinant proteins was detected when a second IgLON 
was present on the surface of the CHO-cell. The altered trans affinities are 
summerised in figure 4.8. A cis interaction between the two IgLONs on the cell 
membrane is proposed to bring about this alteration in trans affinity to provide initial 
evidence for putative IgLON cis heterodimeric complexes.
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Introduce OBCAM-GFP into LAMP-CHO 
LO + O-FC l  + C-FC [  +L-FC f
Introduce LAMP-GFP into CEPU-1/OBCAM-CHO
CL + L-FC \ + O-FC
OL + L-FC 1 + O-FC
Introduce OBCAM-GFP into CEPU-1-CHO 
CO + O-FC _► + C-FC _► +L-FC _►
F ig u re  4 .8  C IS  h e te ro d im ers  a lte r  th e  tra n s a ffin ity  f o r  Ig L O N -F C  
reco m b in a n t p ro te in s .
Green letters indicate the introduction of the second IgLON onto CHO cell lines + 
sign the trans binding interaction, the direction of the red arrows indicates how the 
additional IgLON altered the affinity for recombinant proteins (-FC). When O was 
introduced onto L-CHO the binding affinity for O-FC and C-FC was reduced, 
whereas affinity for L-FC increased. L introduction onto C and O-CHO reduced L- 
FC binding but increased that of O-FC. Introduction of O onto C-CHO did not alter 
recombinant protein binding.
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The key result obtained was that LAMP-FC bound effectively to OBCAM- 
CHO but when LAMP was introduced on to the CHO cells this binding was markedly 
reduced. It was proposed LAMP and OBCAM had formed a putative LO cis complex 
on the surface of the CHO cell and the weak trans interaction between the LAMP 
portion of the complex and the LAMP head of LAMP-FC had de-stabilised the 
recombinant protein binding. This result was supported by similar altered binding 
affinity for LAMP-FC when LAMP was introduced onto CEPU-l-CHO cells.
The trans binding affinities of CEPU-1 and OBCAM are so similar this 
affinity for recombinant protein assay was not sensitive enough to detect formation of 
a cis CO heterodimeric complex. However, this assay did suggest that merely 
increasing IgLON expression per se on the CHO cell surface, by adding additional 
OBCAM onto the surface of CEPU-l-CHO cells, had not increased the affinity for 
IgLON-FC recombinant proteins. Addition of OBCAM onto the CEPU-l-CHO cell 
surface would have been more likely to increase LAMP-FC affinity than to decrease 
it since LAMP-FC has a high trans affinity for both CEPU-1 and OBCAM.
To demonstrate that transfection of a second IgLON was not simply 
compromising the IgLON present on the CHO cell surface LO-CHO were stained 
with specific OBCAM antiserum and the fluorescent intensity of OBCAM expression 
was measured and compared to that on OBCAM-CHO cells. There was no significant 
difference in OBCAM expression on the cells suggesting the addition of LAMP had 
not compromised OBCAM expression. Combined this data suggests that altered 
affinity for recombinant protein was not simply due to altering the levels of IgLON 
expression on the CHO cell surface.
The more sensitive ELISA assay on CO-CHO cell line detected a very low 
affinity for LAMP-FC recombinant protein, which was similar to the weak 
homophilic trans affinity between LAMP-FC and LAMP-CHO cell line. This was a 
slightly different result to LAMP-FC trans binding assay to CEPU-1 CHO cells 
transiently transfected to express additional OBCAM, which detected some affinity 
for LAMP-FC. When pOIG was introduced into CEPU-l-CHO LAMP-FC was most 
likely binding to CEPU-1 and OBCAM homodimers present on the CHO-cell surface. 
By comparison the CO-CHO cell line was selected to have a more balanced 
expression of CEPU-1 and OBCAM and so the ELISA assay provided more sensitive 
accurate evidence for a putative CO cis complex. The inability of LAMP-FC to bind 
to these CO-CHO cells may have theoretically arisen due to the FC portion of the
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recombinant protein holding the IgLON heads in a conformation that prevented 
access to their binding site. However, LAMP-FC was capable of binding to both 
single OBCAM and CEPU-l-CHO cell lines, so this was not likely.
The failure of LAMP-FC recombinant protein to bind to the CO-CHO cells 
was suprising considering the heterophilic affinity of LAMP with both portions of the 
proposed CO complex, so the trans affinity of each IgLON head stabilising the 
binding of the recombinant protein as initially proposed is over-simplfied. The results 
from this ELISA assay suggest it is more likely some sort of conformational change 
alters individual CEPU-1 and OBCAM binding sites to prevent LAMP-FC trans 
binding. Whilst it cannot be predicted which surfaces of the IgLON molecule are used 
for cis and trans interactions, the trans binding site being occupied by a cis 
interaction would provide an explaination why LAMP-FC did not bind to CO and 
suggest cis and trans interactions may form at the same binding site. If this is the case 
the strong heterophilic trans affinity between LAMP with both CEPU-1 and OBCAM 
and between CEPU-1 with OBCAM would predict CL, LO, and CO cis heterodimers 
readily form on the cell surface.
There are examples in the literature of Ig superfamily members undergoing 
conformational changes following interactions in both cis and trans. For example 
Axonin 1 forms homodimeric cis complexes. Axonin 1 has 6 Ig domains, as the 
complexes form the end 3 Ig domains undergo a conformational change, hook around 
to interact in zipper-like homophilic interactions between the heads (Kunz et al., 
2002). Furthermore, IgSF members do form functional cis complexes, for example, 
DCC and UNC from part of a receptor complex to inhibit neurite outgrowth (Stein and 
Tessier-Lavigne, 2001).
The original reason for investigating homo and heterophilic interations of the 
IgLON family was to understand why neurons do not bind to LAMP-FC, despite a 
strong heterophilic affinity for LAMP by the IgLONs expressed on the surface of 
neurons. In particular LAMP-FC failed to bind to CGC, DRG and sympathetic 
neurons even though LAMP, OBCAM and CEPU-1 are expressed on their surface. 
IgLONs existing as heterodimeric complexes, with a change in conformation altering 
the availablility of binding sites, provides a possible explaination of why LAMP-FC 
fails to bind to neurons.
120
Chapter Five
FUNCTIONAL EFFECTS OF 
PUTATIVE IgLON CIS  COMPLEXES
121
Chapter Five
FUNCTIONAL EFFECTS OF PUTATIVE IgLON CIS  
COMPLEXES
INTRODUCTION
Results in the previous chapter suggested IgLONs form cis heterodimeric 
complexes which affect their trans binding affinity. This chapter investigates a 
function for putative cis heterodimeric complexes. Several papers have proposed 
single IgLONs have modified neurite outgrowth (Zhukareva and Levitt, 1995; Gil et 
al., 2002) but the measured effects have been minimal, so the exact role of single 
IgLONs on neurite outgrowth has remained unclear and confused. Only CHO cells 
expressing the putative cis CO complex were able to inhibited the initiation of 
neurite outgrowth from a sub-population of cerebellar granule cells (CGC) whereas 
single IgLON-CHO cells had no effect (McNamee et al., 2002). This suggests 
IgLONs may only be functional when they form cis heterodimeric complexes (Reed 
et al., 2004). Furthermore, the distinct ability of GP55 substrate to inhibit neurite 
outgrowth (Clarke and Moss, 1994; Clarke and Moss, 1997; Wilson et al., 1996) may 
arise because the mixture of IgLONs in GP55 contain putative heterodimeric 
complexes. The next part of this thesis uses forebrain neurons in neurite outgrowth 
assays to further investigate the function of putative cis IgLON complexes and goes 
on to investigate the potential signalling pathways involved in inhibiting initiation of 
neurite outgrowth.
Previous studies adding the Gi/o protein inhibitor Pertussis toxin (PTX) to the 
culture medium in neurite outgrowth assays on GP55 protein substrate reversed 
inhibition of neurite outgrowth, to suggest the involvement of a G protein coupled 
receptor in IgLON inhibition (Clarke and Moss, 1994; Clarke and Moss, 1997). PTX 
will investigate whether there is a similar link to G protein signalling by putative cis 
IgLON complexes.
Many axon guidance molecules signal through the Rho signalling pathways 
to direct axonal growth (Huber et al., 2003). Y27632 is a specific inhibitor to Rho- 
associated coiled-coil-forming kinase (ROCK I &II) having no effect on other Rho- 
associated kinases (such as PAK) in the Rho signal transduction pathway (Ishizaki et 
al., 2000; Narumiya et al., 2000). Adding Y27632 to the medium in neurite 
outgrowth assays will give an indication if ROCK is involved in IgLON signalling.
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AIM
This chapter will use neurite outgrowth assays to help determine if putative 
IgLON complexes have a functional effect on forebrain neurons. Specific inhibitors 
will further investigate the signalling pathway initiated by these complexes.
RESULTS
Neurite outgrowth assay
Neurite outgrowth assays measured the ability of forebrain neurons to initiate 
the extension of neurites on substrates containing CO and CL heterodimeric 
complexes. In the first experiment the number of forebrain neurons able to initiate 
outgrowth of neurites from the cell body were counted after 24 hours in culture on 
mono-layers of CHO cell lines expressing different compliments of IgLONs. To 
facilitate counting, forebrain neurons were methanol-fixed, the neurites stained with 
GAP43 (neuronal specific antiserum) and visualised by Texas Red™-conjugated 
secondary antibody labelling of the GAP43 antiserum (figure 5.1). To avoid any bias 
of the counting single forebrain cell bodies were selected (as opposed to clumps of 
forebrain neurons) and without knowing the details of the culture substrate. 
Approximately 300 counts were made per experiment, with three experimental 
repeats, to calculate the percentage of forebrain able to initiate neurite outgrowth, 
with a length twice that of the diameter of the cell body. Data is presented as a series 
of histograms using PRISM software.
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A and B are phase contrast photomicrographs images of E8 forebrain neurons 
cultured for 24 hours on mono-layers of confluent WT and CO-CHO cells in a 
neurite outgrowth assay. The expression of IgLONs cannot be visualised in these 
phase contrast images; nor are the forebrain neurons easily detected. The cells were 
methanol fixed and the neurons were visualised by immuno-labelling with 1:500 
dilution of GAP43 rabbit antiserum, followed by 1:100 dilution of Donkey anti 
rabbit Texas Red1M-conjugated second antibody. Figure C highlights dissociated 
forebrain neurons cultured on WT-CHO cells with extended neurites. An area was 
selected to show the reduction in the number of forebrain neurons extending neurites 
cultured on CO-CHO in figure D.
CO CHO 
B
D
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E7/8 forebrain neurons cultured on IgLON-CHO cell mono-layers
The number of forebrain neurons initiating the extension of neurite outgrowth 
on mono-layers of WT and single CEPU-1 (C)or OBCAM (O)-CHO cell lines was 
compared to that on CEPU-1 and OBCAM expressing CHO cells (CO-CHO). Over 
70% of E7/8 forebrain neurons were able to initiate the extension of neurites on WT, 
C or O-CHO cell mono-layers, but this significantly decreased to 40% on CO-CHO 
cells (figure 5.2.A). In a second series of experiments WT-CHO cells were compared 
to CO-CHO cells and CHO expressing both CEPU-1 and LAMP (CL). Once again 
70% of forebrain neurons initiated extension of neurites on WT-CHO, but this was 
reduced to 34% on CO-CHO cells and 36% on CL-CHO (figure 5.2.B). CO 
expression on the CHO cells significantly reduced initiation of outgrowth from a 
proportion of E7/8 forebrain neurons in both these sets of experiments to 
demonstrate the assay was reproducible. The presence of two IgLONs on the CHO 
cell surface had prevented approximately half of the E7/8 forebrain neurons from 
extending neurites.
E6 forebrain neurons cultured on IgLON-CHO cell mono-layers
However, when the experiment was repeated with E6 forebrain neurons there 
was no reduction in the number of neurons initiating the extension of neurite 
outgrowth on CO or CL-CHO lines. The number of E6 forebrain neurons extending 
neurites remained at 63% on CO-CHO, 60% on CL-CHO cell lines compared to 69% 
on WT-CHO (figure 5 3). IgLONs in the extracellular environment appeared to have 
no effect on these earlier stage neurons.
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E7/8 forebrain neurons were cultured on confluent mono-layers of CHO cells and 
the percentage of neurons able to extend neurites of a length at least twice the 
diameter of the cell body was calculated. When cultured on WT, C and O-CHO 74%, 
68% and 77% of dissociated forebrain neurons extended neurites (yellow bars 
p>0.5). Only 40% forebrain neurons extended outgrowth on CO-CHO cell mono- 
layers (orange bars, p<0.01*). All data based on counts from three experimental 
repeats.
WT CL CO
CHO cell line
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o u tg ro w th  f r o m  E 7 /E 8  fo re b ra in  n eu ron s
In a repeat experiment 70% forebrain neurons were able to extend neurites on WT- 
CHO cell mono-layers but this was reduced to only 36% and 34% on CL and CO- 
CHO cell mono-layers (orange bars, p <0.01,* <0.001**) Data based on counts 
from four experimental repeats.
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100-,
CHO Cell Line
F ig u re  5 .3  E 6  fo re b ra in  n eu ro n s e x te n d e d  n eu r ite  o u tg ro w th  on C O  
a n d  C L -C H O  c e ll  lin es
At the younger age of E6, 69% of forebrain neurons extended neurites when cultured 
on WT CHO cell substrate (yellow bar) 63% on CO-CHO cells (dark orange bar) 
and 60% on CL-CHO cells (lighter orange bar). The expression of CO or CL on the 
CHO cell lines had not significantly reduced the number of E6 forebrain neurons 
extending neurite outgrowth. WT, CO data based on counts from four experimental 
repeats, CL data based on two experimental repeats.
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Overall length of neurites from E7/8 forebrain neurons is unaffected 
by CO IgLONs
In previous experiments, GP55 substrate inhibited neurite outgrowth from the 
majority of forebrain neurons (Clarke and Moss, 1994; Clarke and Moss, 1997; 
Wilson et al., 1996) whereas in these experiments only a sub-population of forebrain 
neurons were inhibited from initiating neurite outgrowth in response to CO and CL. 
Individual lengths of neurites were measured using Metamorph™ Imaging software 
to test if the overall length of neurites was being affected by the presence of two 
IgLONs. The length of 100 neurons was counted on CO-cell line and compared to 
that on WT, C and O-CHO cell lines. Lengths were found to vary between 20-140 
|im and results are presented as a graph showing the percentage of neurites at each 
length (figure 5.4). There was no difference in the number of neurons at each length 
on CO compared to C, O or WT-CHO to suggest CO had no effect on the overall 
length of neurite outgrowth, but had prevented a sub-population of forebrain neurons 
from initiating neurite outgrowth.
128
Chapter Five
Neunte lengths (um)
—A—  CO 
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F ig u re  5.4 . L en g th  o f  n eu rite  o u tg ro w th  fr o m  E 7 /8  fo re b ra in  n eu ro n s  
is u n a ffec ted  b y  C O
The length of individual neurites was measured using Metamorph™ Imaging 
software and presented as a graph showing the % of neurites at each length between 
20-140 jum. There was no significance difference in the number of E7/8 forebrain 
neurons able to extend neurites at each length when cultured on OBCAM (blue line) 
CEPU-1 (grey line) wild type (green line) and CEPU-l-OBCAM (red line) CHO cell 
lines to suggest overall length of neurites was unaffected by CO.
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Initiation of neurite outgrowth from E7/8 forebrain is inhibited by 
CO and C plus O substrates
To provide more evidence that IgLONs are forming a complex and were not 
merely acting in synergy on the CHO cell surface, the IgLONs were enzyme digested 
by PiPLC and presented as a substrate in a series of similar forebrain neurite 
outgrowth assays. The ability of E 7/8 forebrain neurons to extend neurites on a 
permissive poly-L-lysine (PL) substrate, plus PiPLC digested supernatants from WT, 
C, and O-CHO cells, were compared to that from CO-CHO cells and a mixture of 
C+O single IgLON-CHO cell supernatants. CO substrate continuing to inhibit 
initiation of neurite extension would suggest the putative CO complex had remained 
stable even when not attached to the CHO cell membrane. Mixing of C and O 
substrates from single CHO cells would give an indication whether two IgLONs 
could act in synergy to affect neurite extension from forebrain neurons.
When cultured on coverslips coated with PL, 66% of forebrain neuron 
extended neurites. The addition of PiPLC supernatants from WT; C or O CHO cells 
to the PL did not have any effect on the initiation of neurite outgrowth from E7/8 
forebrain neurons, 67% 55% and 52% still extended neurite outgrowth respectively. 
By comparison only 34% of the forebrain neurons extended neurites on PL plus CO- 
CHO cell supernatant and 33% when cultured on a mixture of C+O-CHO cell 
supernatants (figure 5. 5).
CO remaining functional even when released from the cell surface into 
solution suggested that once formed the putative CO complex remains stable even 
when released from the CHO cell membrane. There was also a similar reduction in 
initiation of neurite outgrowth from a sub-population of E7/8 forebrain neurons on 
the substrate of PL plus a mixture of C+O single CHO supernatants. There are two 
possible explanations for this, either the single IgLONs had formed a complex in 
solution, or they were acting in synergy.
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F ig u re  5 .5  C O  a n d  a  m ix tu re  o f  C + O  su b stra te s  re d u c e d  th e  in itia tio n  
o f  n eu rite  o u tg ro w th  f r o m  fo re b ra in  n eu ron s
E7/8 forebrain neurons were cultured on coverslips coated with PL plus 
supernatants of IgLONs released by PiPLC digestion from the surface of CHO cell 
lines. There was no significant difference between the number of forebrain neurons 
able to extend neurite outgrowth on PL or PL plus from WT and single C or O-CHO 
cells supernatant 66%, 67% 55% and 52% respectively (yellow bars). Neurite 
outgrowth was significantly reduced to only 34% of the forebrain population on PL 
plus CO and to 33% from a mixture of C+O-CHO cell supernatants (orange bars p 
<0.05 *). All data based on counts from four experimental repeats, except for C- 
CHO where data was from two repeats.
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Investigation of signalling pathways involved in IgLON 
inhibition of neurite outgrowth
Putative heterodimeric IgLONs must signal through to the neuronal 
cytoskeleton to bring about changes required to inhibit the extension of neurites. 
Specific inhibitors were incorporated into a series of forebrain neurite outgrowth 
assays to investigate how putative IgLON complexes might initiate signal 
transduction pathways. PTX had previously reversed GP55 inhibition of neurite 
outgrowth from forebrain neurons, so was the first inhibitor tested. Y27632 inhibitor 
was also tested to provide evidence for involvement of the RHO signalling pathway.
In the first experiment, 10 ng/ml of PTX inhibitor was added to the medium 
of forebrain neurons cultured on single CHO cell lines to demonstrate PTX had no 
overall effect on the initiation of neurite outgrowth. After 24 hours in culture 70%, 
72% and 75% forebrain neurons extended neurites on WT, and C or O-CHO lines 
respectively. Outgrowth remained at levels of 73%, 67% and 69% on WT, C and O- 
CHO cells in the presence of PTX inhibitor to confirm PTX had no overall effect on 
neurite outgrowth (figure 5.6.A). In the second experiment the number of forebrain 
neurons extending neurites reduced to 34% on CHO cell lines expressing CO and 
36% on CL-CHO cells. The addition of PTX inhibitor to the culture medium 
increased the number of forebrain neurons extending neurites to 61% on CO and 
64% on CL-CHO cells, a similar level to that found on the WT, and WT+PTX 
controls (figure 5.6.B).
Forebrain neurite outgrowth assays were repeated adding lOnm Y27632 
inhibitor to the culture medium. On WT-CHO cells 63% of E7/8 forebrain neurons 
extended neurite outgrowth, compared to 76% whenY27632 inhibitor was added to 
the culture medium. This suggested Y27632 had no overall effect on the initiation of 
neurite outgrowth from forebrain neurons. However, the addition of Y27362 to the 
medium of forebrain neurons cultured on CO-CHO significantly increased initiation 
of neurites from 34% to 59%, a similar level to that on the WT controls (figure 5.7). 
Y27632 had reversed the CO inhibition of neurite outgrowth suggesting the potential 
involvement of the RHO signalling pathway in transmitting of the IgLON signal to 
the cytoskeleton.
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CHO cell line + PTX inhibitor
F ig u re  5 .6 .A  P T X  in h ib ito r  h a d  no e ffe c t on  n eu rite  o u tg ro w th  fr o m  
E 7 /8  fo re b ra in  n eu ro n s
When cultured on a monolayer of WT, C and O-CHO cells 70%, 72% and 75% 
respectively of dissociated forebrain neurons were able to initiate the extension of 
neurites (yellow bars). The presence of PTX in the culture medium had no effect on 
outgrowth; 73%, 67% and 69% of forebrain neurons extended neurites on WT, C
CHO cell line + PTX inhibitor
F ig u re  5 .6 .B  P T X  re v e rse d  C O  a n d  C L -C H O  in h ib itio n  o f  n eu rite  
in itia tio n  f ro m  E 7 /8  fo re b ra in  n eu ro n s
Over 70% of forebrain neurons were able to extend neurites on WT plus and minus 
PTX in the culture medium (first two yellow bars), whereas only 34% and 36% 
extended neurites when cultured on CO and CL-CHO cell substrate (orange bars, p 
<0.001** <0.01*). Incorporating PTX into the culture medium increased the 
number of forebrain extending neurites on both CO and CL-CHO to a similar level 
to the control (61% and 68% yellow bars p<0.05). PXT had reversed CO and CL 
inhibition of neurites. Data based on counts from four experimental repeats.
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CHO cell line + Y27632 inhibitor
F ig u re  5 .7  Y 27632  re v e rse d  C O  in h ib itio n  o f  n eu rite  in itia tio n  f r o m  
E 7 /8  fo re b ra in  n eu ro n s
Dissociated E7/8 forebrain neurons were able to extend neurites on WT plus and 
minus Y27632 in the culture medium (63% and 76% first two yellow bars), whereas 
the number of forebrain neurons extending neurites was reduced to 34% on C0- 
CHO cell substrate (orange bar, p <0.001**). Incorporating Y27632 into the culture 
medium increased the number of forebrain extending neurites to 59%, a similar level 
to the control (third yellow bar p<0.05). Y27632 had reversed the inhibition of CO. 
Data based on counts from three experimental repeats.
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DISCUSSION
A reduction in the number of forebrain neurons able to initiate neurite 
outgrowth was only brought about when two IgLONs were present in the 
extracellular culture substrate. These experiments began to replicate the data 
obtained with GP55 mixed IgLON substrate, whereas single IgLONs have never 
been able to replicate this data. Neurite outgrowth was only inhibited from a sub­
population of E7/8 forebrain neurons in these experiments, whereas GP55 was more 
efficient and inhibited neurite outgrowth from all forebrain and DRG neurons 
(Clarke and Moss, 1994; Clarke and Moss, 1997). However, these experiments 
suggest a trans interaction with more than one member of the family is required to 
inhibit initiation of neurite outgrowth and single IgLONs may not be functional. 
Taking into account the evidence in the previous chapter of two IgLONs forming a 
cis complex, it is proposed that only when IgLONs form these putative heterodimeric 
complexes are they able to inhibit neurite outgrowth. IgLONs functioning as 
heterodimers is a novel concept for GPI anchored glycoproteins (Reed et al., 2004).
When released from the surface of CHO cells and used as a substrate CO 
continued to inhibit neurite outgrowth from a sub-population of forebrain neurons. 
This added support to there being some cis interaction between C and O on the CHO 
cell surface, which was relatively stable as it remained functional even when 
detached from the CHO cell membrane.
Single IgLONs released from the surface of C and O-CHO cells mixed 
together also inhibited neurite outgrowth from a similar sub-population of E7/8 
forebrain neurons. Whilst this could indicate that IgLONs are functioning in synergy 
previous observations in our laboratory using a mixture of IgLON-FC recombinant 
proteins have not detected any reduction in neurite outgrowth from E7/8 forebrain 
neurons (data not shown). In these assay the IgLON heads were in close proximity 
but were attached by the FC tag making an interaction between the individual heads 
unlikely; whereas in solution C and O monomers had the opportunity to form 
putative complexes and so inhibited neurite outgrowth.
The actual length of forebrain neurite outgrowth was measured and found to 
be uncompromised on CO-CHO cells; to suggest it was a sub-population of forebrain 
neurons that responded to the putative CO complex, rather than CO inhibiting the 
overall length of neurite outgrowth of the neurons per se.
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At the younger age of E6 neurite outgrowth from forebrain neurons was 
unaffected by both CO and CL putative complexes. Together these experiments 
suggest response to IgLON complexes is only by forebrain neurons during a later 
stage of development. Throughout development axonal guidance is dependent on 
specific spatial and temporal expression of a whole range of molecules and 
interactions with their associated receptors. Possibly, forebrain neurons express an 
additional receptor on their surface as they mature allowing them to respond to 
extracellular IgLONs. Alternately since IgLON expression increases with 
development E6 forebrain neurons may have a lower level of expression on their cell 
surface and so cannot respond to IgLONs in the extracellular environment.
The next set of experiments incorporated specific inhibitors into the culture 
medium to investigate potential pathways IgLONs use for signal transduction. When 
PTX was added to the culture medium the sub-population of E7/8 forebrain neurons 
extending neurites on CO and CL-CHO cell lines returned to the control level. This 
data is consistent with PTX reversal of GP55 inhibition of neurite outgrowth from 
forebrain neurons (Clarke and Moss, 1994; Clarke and Moss, 1997) and suggests CO 
and CL are possibly bringing about neurite inhibition in the same way as GP55 
through a G 0/i protein coupled receptor (Igarashi et al., 1993). The mechanism of how 
G 0/i proteins inhibit neurite outgrowth is as yet not fully understood.
A second inhibitor Y27632 investigated the signal transduction pathway used 
by CO to inhibit neurite initiation. Y27632 is a specific inhibitor of ROCK; part of 
the RHO kinase signalling pathway, used by several guidance molecules to regulate 
axon guidance (Huber et al., 2003). Incorporation of Y27632 had no overall effect on 
neurite extension from forebrain neurons cultured on WT-CHO; however Y27632 
reversed the inhibitory effect of CO-CHO suggesting involvement of the RHO 
signalling pathway in IgLON signal transduction. Ephrin-A5 signals by activating 
ephexin, a guanine exchange factor, stimulating ROCK to inhibit retinal ganglion 
axonal progression (Wahl et al., 2000). The Ephrin-A family are similar to IgLONs 
in that they are located to lipid raft regions of the cell membrane by a GPI anchor. 
Serna 3A is an example of a secreted guidance molecule that uses RHO to signal 
through LIMK to inhibit neurite outgrowth (Aizawa et al., 2001).
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Direct Physical Evidence For Putative 
Heterodimeric IgLON Cis Complexes.
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DIRECT PHYSICAL EVIDENCE FOR PUTATIVE 
HETERODIMERIC IgLON CIS  COMPLEXES.
INTRODUCTION
Binding and functional studies have presented indirect evidence for the 
formation of putative cis IgLON complexes. Previously, immuno-cytochemistry has 
detected expression of different members of the IgLON family on various types of 
neuronal cells, for example LAMP, OBCAM and CEPU-1 are expressed on chick 
DRG; sympathetic neurons and CGCs (Lodge et al., 2000; Reed et al., 2004) Kilon 
and OBCAM are co-expressed on hypothalamic neurons (Miyata et al., 2000). 
Furthermore, staining of tissue sections has demonstrated different members of the 
IgLON family have distinctive overlapping patterns of expression. For example 
CEPU-1 and OBCAM have overlapping expression in the hippocampus (Struyk et 
al., 1995). In the E18 chick retina; LAMP and OBCAM overlap in the inner 
plexiform layer; whereas LAMP and CEPU-1 are co-expressed in the outer 
plexiform layer (Lodge et al., 2000). These definite patterns of expression would 
suggest there are opportunities for IgLONs to form putative complexes in vivo.
Some direct evidence is required for a physical interaction between IgLONs 
to substantiate heterodimeric cis complexes form. This evidence came from the 
hypothesis that if IgLONs were removed from the surface of doubly transfected 
CHO cell lines into solution a heterodimeric complex could be identified by 
purifying one portion of the complex and then analysing for an associated IgLON by 
western blotting. In these experiments PiPLC enzyme digested IgLONs from the 
surface of CO-CHO cells into solution, OBCAM immuno-precipitated the OBCAM 
portion, and co-detection of associated CEPU-1 will identify the CO complex.
A second approach of antibody co-clustering of two different members of the 
IgLON family to the same location on the cell membrane of neurons will indicate a 
putative complex is likely to form in vivo. CEPU-1 polyclonal antibody stimulated 
CEPU-1 to cluster on the cell membrane of forebrain neurons; drawing of either 
OBCAM or LAMP into that cluster will provide evidence for the presence of 
IgLONs as heterodimeric complexes on the surface of neurons.
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AIM
This final chapter aims to provide some direct physical evidence for the 
formation of putative IgLON complexes by immuno-precipitation experiments and 
by measuring the ability of IgLONs to co-cluster to the same location on the surface 
of forebrain neurons.
RESULTS
Immuno-precipitation of putative CO c is  complex
C, O and CO-CHO cell lines were cultured on 150mm tissue culture dishes 
to confluence and PiPLC enzyme digested the IgLONs from the surface of the cells 
into solution. Immuno-precipitation with OBCAM antiserum followed by capture on 
Sepharose G beads precipitated O from the PiPLC supernatant. However, in this 
initial experiment the antiserum was not cross-linked to the beads and so was co­
eluted and obscured the IgLON bands on western blot analysis (data not shown). To 
overcome this problem, antibodies from OBCAM rabbit antiserum were immobilised 
on nitrocellulose and then used to immuno-purify O from CHO-cell supernatants.
OBCAM rabbit antibodies were purified from rabbit antiserum with protein 
A agarose beads, eluted and immobilised onto nitrocellulose membrane. The 
membrane was incubated with a concentrated solution of IgLONs digested from C, O 
and CO-CHO cell lines. Proteins immuno-purified by OBCAM antibodies were 
separated by LDS-PAGE across two gels, western blotted onto nitrocellulose and 
stained with both CEPU-1 and OBCAM specific rat antiserum, followed by HRP 
conjugated rabbit anti rat antibody and visualised with Femto™-chemiluminescent 
substrate, exposed on Amersham hyperfilm (figure 6.1 A and B).
The first three lanes on the western blots are control bands of WT, C and O- 
CHO cell PiPLC supernatant starting material, concentrated approximately 10 fold 
(figure 6.1 A& B, lanes 1-3). Comparison of the staining patterns suggested CEPU-1 
and OBCAM rat antisera were specific to their respective C and O-CHO cell 
supernatants, and there was no cross reactivity, or non-specific staining of the WT 
supernatant on western blots. Both OBCAM and CEPU-1 antisera positively stained 
the starting CO-CHO supernatant (figure 6.1 A& B lane 4, higher molecular weight 
band marked *).
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OBCAM immuno-purification of O appeared to be efficient, since a band of 
similar intensity to the initial supernatant was visible in the purification supernatant 
and this band was no longer visible post immuno-purification (figure 6.1 B lanes 3, 
9, 11). A band was detected with CEPU-1 antiserum from OBCAM immuno- 
purification of C from the C-CHO supernatant (figure 6.1 A lane 7 marked X). 
Whilst there was no cross-reactivity between OBCAM and CEPU-1 antiserum 
detected on western blots there has been some previous evidence of OBCAM 
antiserum recognising CEPU-1 in immuno-histochemical staining of CEPU-1-CHO 
cells (data not shown). OBCAM antibodies had purified some CEPU-1 from the C 
supernatant due to this cross-reactivity with the native protein. In these experiments 
the total amount of protein immuno-purified from the C supernatant was loaded onto 
the gels; therefore a small fraction of non specific binding was concentrated into this 
sample. Femto™-chemiluminescent detected this small amount of protein since it 
detects as low as femto-gram amounts of protein. A significant amount of C 
remained in the post purification sample confirming the purification of CEPU-1 by 
OBCAM was minimal.
OBCAM antibodies co-precipitated CEPU-1 alongside OBCAM from the 
CO-CHO cell supernatant (figure 6.1 A lane 9, higher molecular weight band marked 
**). This purification appeared to be efficient since there was no evidence of any 
CEPU-1 remaining in the CO supernatant post purification (figure 6.1 A lane 12). 
OBCAM antiserum should also have detected OBCAM purification from the CO 
supernatant, but this was below the level of detection (figure 6.1 B lane 8 marked X).
One surprising feature was the size of the band detected by CEPU-1 
antiserum being between 110-120 kDa. Since this is a non-reducing gel it is possible 
that the non-covalent interactions between CEPU-1 and OBCAM had retained the 
CO complex as a heterodimer (figure 6.1 A lanes 4, 9). In principle it is also possible 
that the higher molecular weight band is a CEPU-1 homodimer. However, as the 
protein band was precipitated by OBCAM antibodies it would be expected to contain 
a portion of OBCAM rather than CEPU-1 alone, so is more likely to be the 
heterodimer. OBCAM antiserum should also have detected this band but staining of 
the initial CO supernatant was weaker with OBCAM than with CEPU-1 antiserum 
suggesting OBCAM antiserum may have been less sensitive; or possibly some of the 
OBCAM binding sites were obscured by their interaction with CEPU-1 resulting in 
the OBCAM antiserum not being able to detect the OBCAM portion efficiently.
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OBCAM immuno-purification of CEPU-1 from the CO supernatant provided 
some evidence for the formation of the putative CO complex, as the CEPU-1 portion 
should only have been eluted alongside OBCAM. However, in theory as OBCAM 
antibodies had immuno-precipitated some CEPU-1 from the C supernatant they may 
have also immuno-purified the C portion of the complex, making the results 
inconclusive.
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F ig u re  6.1 Im m u n o -p rec ip ita tio n  o f  C O  co m p lex
IgLONs were PiPLC digested from the CHO cell surface and supernatants from 2 x 
150 mm confluent dishes were concentrated to 200 pi. Western blot A is stained with 
CEPU-1 antiserum and B with OBCAM. The first 4 lanes correspond to 10 pl/well of 
WT, C, O and CO-CHO starting material. CEPU-1 antiserum staining was specific 
to C (+ lane 2 A, B) and OBCAM specific to O supernatants (+ lane 3 A, B). CO 
supernatant stained with both antiserum (lane 4*) note this band had a molecular 
weight of -110 kDa when compared to Magic Mark™ Invitrogen molecular weight 
marker (lane 5). A band of -110 kDa was affinity-purified by OBCAM from the CO 
supernatant, and visualised with CEPU-1 antiserum (lane 9 A**) but this band was 
not detected by OBCAM antiserum (X lane 8 B). This suggested C had been co- 
immuno-purified alongside O from the CO supernatant, but this band needs to be 
confirmed with OBCAM antiserum. CEPU-1 was also immuno-purified from the C 
supernatant by OBCAM (X lane 7 A) and remained post immuno-purification, 
suggesting the OBCAM purification of C was inefficient (+ lane 10 A). The 
purification of O from the O-supematant (+ lane 9 B) was more efficient since no 0  
band was detected in the post purification supernatant (lane 11 B). Blots were 
stained with 1:5000 dilution of rat antiserum (A CEPU-1, B OBCAM) followed by 
1:5000 dilution of goat anti rat HRP conjugated antiserum; visualisation was with 
Femto™ chemiluminescent substrate, exposed to Amersham film for 30 seconds, 
developed with Sigma photo chemicals.
142
Chapter Six
Affinity -isolation of heterodimeric IgLON complexes
A similar technique of affinity-isolation was used to overcome the difficulty 
of the cross-reactivity of OBCAM antibodies recognising and purifying CEPU-1 
from the PiPLC supernatant. In these experiments CHO cell lines expressing 
OBCAM with a HISx6 tag alongside CEPU-1 and LAMP were prepared, so as the 
HISx6-epitope tag could be used for affinity-isolation of the putative IgLON 
complex rather than immuno-purification with OBCAM antibodies. The preparation 
of the doubly transfected CHO cell lines was in two stages. Initially CHO cells were 
transfected with OBCAM-HISx6 (0 H) then CEPU-1 (COH) and LAMP (LOH) were 
transfected into this cell line (details section 2.13 materials and methods).
HISx6 tag affinity-isolation of the putative COH complex
C, Oh, and COh-CHO cells were cultured to confluence on 2 x 150 mm 
dishes, the IgLONs were PiPLC digested off the cell surface into solution and 
concentrated 10 fold, to a final volume of 200 fil. The HISx6 tags on Oh proteins 
were affinity-isolated by incubating these supernatants with aliquots of Proban™ 
nickel beads. Proteins isolated by the beads were eluted into gel sample buffer; 
loaded across two LDS-PAGE gels; western blotted onto nitrocellulose and stained 
with CEPU-1 and OBCAM specific rat antiserum, followed by HRP conjugated 
rabbit anti rat secondary antibody, visualised by Femto™ chemiluminescent 
substrate, exposed on Amersham film.
The first four lanes on the western blot in figure 6.2 correspond to 10 pi of 
starting PiPLC supernatant from WT, C, 0 H, and COh-CHO cell lines, blot A was 
stained with CEPU-1 and blot B with OBCAM antiserum. CEPU-1 antiserum 
specifically stained the C-PiPLC substrate (figure 6.2 A&B lane 2). WT negative 
controls did not stain with either antiserum, indicating there was no non-specific 
binding of the antiserum to CHO-cells (figure 6.2 A & B ,  lanel). There with some 
slight background staining of C-PiPLC supernatant with OBCAM antiserum (figure
6.2 B, lane 2) whereas OBCAM antiserum specifically stained the O-supernatant 
(figure 6.2 A&B, lane 3).
Proteins affinity-isolated by the nickel beads from the Oh supernatant stained 
positively with OBCAM antiserum confirmed the HISx6 epitope tag was being 
captured by the beads (figure 6.2 B, lane 7). Some non-specific binding of CEPU-1
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to the nickel beads was detected since CEPU-1 was affinity-isolated from the C 
supernatant (figure 6.2 A, lane 6). The total amount of protein isolated by the beads 
from the C-CHO cell supernatant was loaded across the two gels, which resulted in 
concentrating the eluted proteins into a small sample. Femto chemiluminescent 
substrate is highly sensitive and detected this small amount of protein. However, 
CEPU-1 remained in the supernatant post incubation with the beads, suggesting the 
beads were very inefficient in purifying CEPU-1 (figure 6.2 A, lane 12). Taking this 
into account the amount of CEPU-1 isolated probably represented only about 5% of 
the total amount in the supernatant, but the high sensitivity of Femto 
chemiluminescence produced a significant band.
Both CEPU-1 and OBCAM were present in the initial supernatant PiPLC 
digested from the COH cell line (figure 6.2 A, B, lane 4) and in the affinity-isolated 
proteins from the COH cell line (figure 6.2 A, B, lane 8). This suggested that the 
beads had isolated OBCAM via the HISx6 epitope tag and CEPU-1 was co-eluted 
from the COH supernatant. In principle CEPU-1 could only be eluted from the COH 
supernatant if it was complexed with the 0 H on the COh-CHO cell surface. Both 0 H 
and COH remained in the supernatant after incubation with the beads suggesting the 
nickel beads were probably overloaded in this experiment (figure 6.2 B, lanes 
11 &  12).
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Western blots were stained with CEPU-1 blot A and OBCAM blot B antisera. Lanes 
1-4 contain 10 pi samples of concentrated PiPLC digest supernatants from WT, C, 
Oh and COh CHO cell lines. Lanes 5-8 contain the HISx6 tagged proteins affinity- 
isolated by Proban™ nickel beads from 200 pi of WT, C, On and COh-CHO 
supernatants, eluted with sample buffer and loaded across the two blots. Lanes 10-12 
contain 10 pi samples of remaining supernatant, post incubation with the nickel 
beads. Comparison of the staining patterns suggested CEPU-1 had some slight 
background staining with OBCAM antiserum, lanes 2 A, B but OBCAM antiserum
p j
was more specific, as O supernatant stained only with OBCAM antiserum lanes 3
p j
A, B. CO initial supernatant stained with both CEPU-1 and OBCAM antisera lanes 
4 A, B. Band in lane 7B, stained with OBCAM antiserum, confirmed affinity-isolation 
° f  Oh from the Oh-CHO PiPLC supernatant. The proteins affinity-isolated from COH 
PiPLC supernatant stained with both CEPU-1 and OBCAM antiserum, lanes 8 A, B, 
suggesting C had been co-eluted with Oh. However, staining with CEPU-1 antiserum 
suggested CEPU-1 had also been affinity-isolated from the C PiPLC supernatant by 
the beads (lane 6 A marked X) but this was probably due to non-specific binding. 0 H 
and COH remained in the supernatant suggesting the nickel beads were not very 
efficient, or overloaded, lanes 11, 12, B. Lane 9 is Magic Mark™ Invitrogen 
molecular weight (Mwt) marker. Both gels were stained with 1:5000 dilution of rat 
antiserum, gel A CEPU-1, gel B OBCAM, followed by a 1:5000 dilution of goat 
anti-rat HRP conjugated secondary antibody; visualisation was with Femto™ 
chemiluminescent substrate, exposed on Amersham film for 30 seconds.
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HISx6 tag affinity-isolation of the putative LOH complex
The experiment was repeated using LOh-CHO cell line in place of COH cells, 
and was stained with LAMP and OBCAM rat antiserum to detect the putative LOH 
complex. To overcome problems of non-specific IgLON binding to the nickel beads, 
20mM imidizole was added to the post incubation wash buffers, and to ensure all the 
IgLONs were eluted from the beads 250mM imidizole was added to the sample 
buffer. Also the less sensitive Pico™ chemiluminescent substrate was used to 
visualise specific protein binding. Pico™ chemiluminescence detects pictogram 
levels of protein and so will not detect very low levels of non-specific protein 
binding.
CHO cell lines were cultured on 150 mm dishes and PiPLC digested L, 0 H 
and LOh from the surface of the cells into solution. These PiPLC supernatants were 
concentrated and Invitrogen Quantit™ measured actual protein concentrations. 
Proban™ nickel beads were added to supernatants containing lOOjig total protein to 
capture the HIS tagged proteins. Proteins eluted from the beads were separated by 
LDS-PAGE and analysed on western blots, stained with LAMP and OBCAM 
antisera. The protein concentration was either too low in the initial PiPLC 
supernatant from LOH to be detected by Pico™ chemiluminescence with both LAMP 
and OBCAM antiserum, or the antiserum may be less sensitive as some recognition 
sites may be lost as IgLONs form putative cis complexes (figure 6.3 C, D lane i). The 
nickel beads captured the epitope tagged Oh and enhanced the protein concentration 
in the eluted sample to a level where 0 H was detected with OBCAM antiserum 
(figure 6.3 D, lane ii). LAMP was also detected (figure 6.3 C, lane ii) suggesting 
LAMP had been co-eluted with OBCAM from the LOH supernatant. Note the two 
bands, one of molecular weight ~55 kDa and one -110 kDa; the lower band being 
the size expected for a single IgLON and the higher band the size for a dimeric 
IgLON on this type of non-reduced gel.
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A LAMP-CHO 
LAMP Ab
i ii
B Oh-CHO 
OBCAM Ab
ii
C LOh-CHO 
LAMP Ab
i ii
D LOh-CHO 
OBCAM Ab 
i ii
110 kDa
55kOa
F ig u re  6 .3  H IS x 6  a ffin ity  iso la tio n  o f  L O H c o m p lex
Lanes i in each figure contain the PiPLC supernatant starting material, whereas 
lanes ii contain proteins eluted by Proban™ nickel beads. LAMP antiserum detected 
LAMP in the initial PiPLC supernatant off LAMP-CHO cells, but no LAMP was 
eluted by the nickel beads Ai, ii. OBCAM antiserum detected OBCAM in the PiPLC 
supernatant off the O -CHO cell line and the nickel beads increased the 
concentration of OBCAM Bi, ii. LAMP antiserum did not detect LAMP in the PiPLC 
supernatant from the LOH -CHO cell line Ci but LAMP was present in the nickel 
bead elution from LCr -CHO PiPLC supernatant Cii. This suggested L was 
complexed with O in the LO supernatant and the beads had concentrated the 
amount of protein in the elution enough to detect LAMP. Similarly OBCAM 
antiserum did not detect OBCAM in the initial PiPLC supernatant from the LOH - 
CHO cell line Di but the nickel beads concentrated the amount of OBCAM 
sufficiently to be detected in the elution Dii. Note how LAMP appears as a monomer 
in the PiPLC supernatant from the LAMP-CHO cells Ai, but appears at the higher 
molecular weight in the LOH -CHO PiPLC supernatant Cii, suggesting it may now 
be a dimer. OBCAM appears as both a monomer and homodimer Bi, ii. As the 
PiPLC supernatant was taken from confluent Oh-CHO cells the stronger homophilic 
interaction of OBCAM may have produced homodimers from both cis and trans 
interactions. In contrast LAMP has a weak homophilic interaction in trans so no 
homodimers were detected in the initial PiPLC supernatant Ai, therefore the dimer 
eluted from LOH -CHO, Cii, is more likely the result of a cis interaction. Some 
OBCAM eluted from the LOH -CHO Dii appeared as a dimer, but predominantly as a 
monomer possibly due to some LAMP having been lost during the elution washes.
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Co-localisation of IgLONs on the surface of forebrain 
neurons
The experiments so far have provided evidence compatible with the 
formation of putative heterodimeric IgLON complexes on the surface of CHO cells. 
The next set of experiments used antibody patching to investigate their formation on 
the surface of neuronal cells to demonstrate IgLON cis heterodimers may form in 
vivo (figure 6.4). This approach involved staining forebrain neurons with two 
specific IgLON antisera, followed by confocal microscopy to establish if IgLONs 
actually co-localise on the surface of forebrain neurons. The hypothesis is that live 
staining with individual IgLON polyclonal antiserum would cluster IgLONs to 
specific patches on the surface of forebrain neurons, subsequent identification of 
pairs of IgLONs co-clustered to the same location on the membrane would help to 
confirm the formation of putative heterodimeric complexes on neurons.
E8 forebrain neurons were cultured on coverslips for 72 hours and live 
stained with LAMP or CEPU-1 rat antiserum, detected by Texas-Red™ labelled 
second antibody, alongside an opposing CEPU-1 or OBCAM rabbit antisera detected 
by Alexa green 488 ™ labelled second antibody. Photomicrographs were produced 
using LEICA confocal microscope and LEICA Lite™ software to show the location 
of each IgLON on the surface of the neurons. Forebrain neurons were also stained 
with two other cell adhesion molecules, T-cadherin and F ll  rabbit antiserum 
followed by with Alexa green 488 ™ labelled second antibody, alongside IgLON rat 
antisera followed by Texas-Red™ labelled second antibody as negative controls 
There is no evidence to suggest IgLONs interact with other molecules outside the 
IgLON family so even though T-cadherin, F ll  and IgLONs are all GPI-anchored 
glycoproteins that locate to lipid raft regions of the membrane T-cadherin and F ll 
would not be expected to actually co-cluster alongside IgLONs.
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F ig u re  6 .4  A n tib o d y  p a tc h in g  o f lg L O N s  on fo re b ra in  n eu ro n s
Antibody molecules within LAMP polyclonal antiserum recognise a variety of 
different LAMP epitopes so when forebrain neurons are live stained each LAMP 
molecules (red ovals) expressed on the surface of the forebrain neuron is captured by 
more than one LAMP rat antibody molecule (Y) resulting in antibody patching as in 
A. LAMP rat antiserum is recognised by Texas Red ™ labelled secondary antibody 
(Y) increases patching and is visualised as punctuate staining along the forebrain 
plasma membrane marked as an asterisk*. A similar situation is in B where T- 
cadherin rabbit antiserum clusters several T-cadherin molecules together, (green 
oval) followed by Alexa 488 ™ green labelled second antibody, and visualised as 
green punctuate staining along the length of the neuron represented *. Overlay of 
confocal images of the staining patterns should locate LAMP and T-cadherin to 
separate patches A and B on the neuron, thus, T-cadherin acts as a negative control. 
By comparison if IgLONs form heterodimeric cis complexes they will co-cluster to 
the same region on the surface of the forebrain neuron. In part C, CEPU-1 
molecules lined green ovals, are complexed with LAMP red ovals, detected with 
CEPU-1 rabbit antiserum and Alexa 488 ™ green labelled second antibody as green 
punctuate staining. Overlay of the two staining patterns using Image J co­
localisation Plugin ™ software will locate the CEPU-1 and LAMP clusters to the 
same region and be visualised *. This co-clustering of IgLON staining patterns 
provides more evidence for the formation of the putative heterodimeric complexes.
149
Chapter Six
Specificity of secondary antibodies and antiserum
To test for secondary antibody specificity the rat and rabbit primary antisera 
were tested against the opposing species of rat and rabbit pre-immune antisera i.e. 
LAMP, OBCAM and CEPU-1 rat antiserum was tested against rabbit pre-immune 
serum; T-cadherin, and OBCAM rabbit antiserum were tested against rat pre- 
immune serum. The photomicrograph images of each pair of staining patterns are 
overlaid in figure 6.5 A. Only single red or green fluorescence staining was visible in 
these photomicrographs, confirmed there was no cross reactivity by either of the 
secondary antibodies.
The specificity of the IgLON antiserum was demonstrated by staining IgLON 
CHO cell lines with each IgLON specific antiserum. Some cross reactivity was 
initially found between CEPU-1 and OBCAM antiserum so these antiserum were 
adsorbed against each other (details materials and methods section 2.6) and re-tested 
figure 6.5 B. LAMP antiserum stained only LAMP-CHO and did not cross react with 
either CEPU-1 so it was not necessary to adsorb the LAMP antiserum figure 6.5 C. 
Similarly, LAMP antiserum did not cross-react with OBCAM-CHO (data not 
shown). The fluorescently labelled second antibodies used had previously been tested 
for non-specific binding to the CHO cells (data not shown).
Since both the IgLON antisera and secondary antibodies were specific they 
could be confidently used to co-cluster individual IgLONs.
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L A M P  R A T  
N A T I V E  R A B B I T
ì  Ì  ' 2*. urn*
O B C A M R A T  
N A T I V E  R A B B I T
T-cadherin R A B B I T  O B C A M  R A B B I T
N A T I V E  R A T  N A T I V E  R A T
CEPU-1 R A T  
N A T I V E  R A B B I T
F ig u re  6.5. A  S p ec ific ity  o f  seco n d a ry  a n tib o d ies
Photomicrographs are overlay of staining patterns of E8 forebrain neurons, 
cultured for 72 hours and stained with a specific rat antiserum and a pre-immune 
rabbit antiserum, and vice versa to test the specificity of the secondary antibodies. 
Forebrain neurons were co-stained with LAMP, OBCAM and CEPU-1 rat 
antiserum, detected by Texas-Red™ conjugated goat anti rat secondary antibody and 
pre-immune rabbit antiserum, followed by Alexa 488™ green goat anti-rabbit second 
antibody i-iii. Only red fluorescence is visible in these overlays indicating there was 
no non-specific binding of the rabbit pre-immune serum and no cross reactivity of 
anti rabbit secondary antibody detecting the rat primary. Similarly, forebrain 
neurons stained with T-cadherin, and OBCAM rabbit antiserum, detected by Alexa 
488™ secondary antibody, is co-stained with rat pre-immune antiserum, detected by 
Texas-Red™ secondary antibody, iv, v. Only green fluorescence is visible in these 
overlays indicating staining with the rabbit antiserum were specific and there was no 
cross reactivity with the rat secondary antibody. All staining was carried out on live 
cells with antiserum dilutions of 1:100. Confocal photomicrographs were prepared 
using LEICA Lite™ software, scale bar is 25 pm
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F ig u re  6.5. B  S p ec ific ity  o f  C E P U -1  a n d  O B C A M  a n tise ru m
CEPU-1 antiserum was adsorbed against OBCAM-CHO cells and OBCAM 
antiserum against CEPU-l-CHO cells to remove cross reactivity. Adsorbed CEPU-1 
rat antiserum stained CEPU-l-CHO cells i but not OBCAM-CHO ii. Adsorbed 
OBCAM rabbit antiserum stained OBCAM-CHO cells iii but not CEPU-l-CHO iv; 
suggesting CEPU-1 and OBCAM antiserum were specific and no longer cross- 
reacted.
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F ig u re  6.5. C  S p ec ific ity  o f  L A M P  an tiseru m
LAMP rat antiserum specifically stained LAMP-CHO cells i and did not stain 
CEPU-1 -CHO cells ii. CEPU-1 rabbit antiserum did not stain LAMP-CHO cells iii 
suggesting no cross reactivity between LAMP and CEPU-1.
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IgLONs co-cluster on the surface of forebrain neurons
The staining patterns of LAMP or CEPU-1 rat antisera alongside OBCAM or 
CEPU-1 rabbit antiserum are compared in photomicrographs figure 6.6 A-C. The 
first two photomicrographs in each column i and ii show the individual IgLONs stain 
as either green or red fluorescence. The two fluorescent staining patterns are overlaid 
in the third photomicrograph iii using Image Plugin ™ co-localisation software, 
where white fluorescence indicates the staining patterns are co-localised on the cell 
membrane. The staining patterns of T-cadherin rabbit antiserum (labelled with goat 
anti rabbit Alexa green 488 ™ secondary antibody) alongside LAMP and CEPU-1 rat 
antisera (labelled with goat anti rat Texas Red ™ secondary antibody) are viewed as 
either red or green fluorescence in figure 6.6 D-E i ii, with overlay of the staining 
patterns as the third photomicrograph iii. There is visibly more co-localisation of the 
two IgLONs staining patterns in the third photomicrographs of A-C iii series, than in 
the D-E iii series where T-cadherin is overlaid alongside LAMP and CEPU-1.
Analysis of LO, CL and CO co-localisation on forebrain neurons
Analysis with Image J plugin™ co-localisation software produced scatter 
plots in which the white pixels correspond to areas where the red and green staining 
image pixels co-localise. The scatter plots relating to the comparison of staining 
between the IgLONs (figure 6.7 A-C) have a higher correlation than that between T- 
cadherin with either LAMP or CEPU-1 (figure 6.7 D-E) and FI 1 with either CEPU-1 
or OBCAM (figure 6.7 F-G). This suggests IgLONs co-cluster to the same position 
on the forebrain cell surface, whereas T-cadherin and F ll do not have the same 
strong correlation of staining with any of the three IgLONs.
Calculation of Pearson’s correlation coefficient
To provide more quantitative evidence for putative IgLON heterodimeric 
complexes individual axons with equal CEPU-1 and LAMP antisera staining patterns 
were selected using LEICA Lite™ software for further analysis. Areas selected were 
de-speckled to remove any non-specific background and Image J plugin™ software 
calculated Pearson’s correlation coefficient on three different areas of staining of the 
forebrain axonal membrane, chosen from two sets of photomicrographs. Pearson’s 
coefficient calculates the degree of linear relationship between the red and green
154
Chapter Six
staining pixels, ranging in value from +1 to -1. A correlation of +1 represents a 
perfect positive linear relationship between the two staining patterns, no linear 
relationship gives a 0 value and negative linear relationship between the staining 
patterns gives a correlation value of -1. The values calculated for Pearson's 
coefficient for each set of antiserum staining are represented as histograms figure 6.8 
A-B. The first histogram indicates LAMP and CEPU-1 have a significantly higher 
correlation (value ~ 0.48) than does T-cadherin with either LAMP or CEPU-1 
(values 0.19-0.1). This confirms LAMP or CEPU-1 are recruited into the some 
clusters by the antibody patching and supports the formation of putative cis CL 
complex. The co-clustering appears to be specific to the IgLON family members 
since T-cadherin did not co-localise to the same cluster with LAMP or CEPU-1 on 
the surface of the forebrain neurons.
CEPU-1 and OBCAM co-localised to the same cluster with a Pearson’s value 
of 0.666 whereas the Pearson’s value of F ll  co localisation with CEPU-1 and 
OBCAM was only 0.1002 and 0.09 (figure 6.8 B) once again suggesting CEPU-1 
and OBCAM specifically co-localise.
The Pearson’s value for LAMP and OBCAM co-clustering was 0.5058, 
confirmed all three IgLON combinations co-localise to specific areas of the forebrain 
neuronal membrane.
I
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C i OBCAM
A ii OBCAM A iii OVERLAY
C ii CEPU-1 C iii OVERLAY
F ig u re  6 .6  A -C  C o -c lu s te r in g  o f lg L O N s  on  E 8  fo re b ra in  n eu ron s.
Dissociated E8 forebrain neurons were cultured for 72 hours and live stained with 
two different IgLON antisera to show co-clustering of IgLONs to the same location 
on the surface of the neurons. The first photomicrograph i in each row corresponds 
to a specific IgLON rat antisera detected by Texas-Red™ conjugated goat anti rat 
antibody, the second photomicrograph ii to specific IgLON rabbit antisera detected 
by Alexa 488™ green conjugated goat anti rabbit antibody. Light fluorescence in the 
final photomicrograph iii shows the areas of co-localisation of the two IgLON 
fluorescent staining patterns. Row A is LAMP rat antiserum co-stained with rabbit 
OBCAM antiserum. Row B is LAMP rat antisera co-stained with rabbit CEPU-1 
antisera and row C is CEPU-1 rat antisera with OBCAM rabbit antisera. The 
overlays all show a strong correlation between the two IgLON staining patterns.
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E i CEPU-1 E ii T-cadherin E iii OVERLAY
F ig u re  6 .6  D -E  Ig L O N s do  n o t c o -c lu s te r  w ith  T -cadh erin  on  E 8  
fo re b ra in  n eu ron s.
E8 forebrain were cultured and live stained with IgLON antisera and T-cadherin. 
The first photomicrograph i in each row corresponds to IgLON rat antisera 
visualised as Texas-Red™ fluorescence and the second photomicrograph ii to T 
cadherin rabbit antisera visualised as Alexa 488™ green fluorescence. In the third 
photomicrograph iii in each row the overlap between and LAMP, and CEPU-1 with 
T-cadherin is visualised as white pixels. Whilst there are some areas of co­
expression of the IgLONs with T-cadherin on the surface of forebrain neurons there 
is no strong overlap of staining patterns localised to a particular area of the 
membrane as was detected in the previous photomicrographs of the two IgLON 
staining patterns.
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G i OBCAM
Fii F11 G iii OVERLAY
G ii F11 G iii OVERLAY
F ig u re  6 .6  F -G  Ig L O N s do  n o t c o -c lu s te r  w ith  F l l  on E 8  fo re b ra in  
n eu ro n s.
E8 forebrain neurons were live stained with rat IgLON and rabbit F ll antiserum 
visualised as Texas-Red™ fluorescence i and Alexa 48™ green fluorescence ii. In the 
third photomicrograph iii in each row the overlap between and CEPU-1 and 
OBCAM with F ll is visualised as white pixels. Once again there are some areas of 
co-expression of the IgLONs with F ll on the surface of forebrain neurons but there 
is no strong overlap of staining patterns localised to a particular area of the 
membrane as was detected in the two IgLONs.
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A  L A M P /O B C A M
D T -cad h erin /L A M P
»
B LA M P /C E P U -1
E T -cad h erin /C E P U -1
C  C EPU -1 / O B C A M
F ig u re  6 .7  S ca tte r  p lo t  a n a ly s is  o f  fo re b ra in  s ta in in g  p a tte rn s
Red and green fluorescent pixels of LAMP-OBCAM, LAMP-CEPU-1, and CEPU-1- 
OBCAM staining clusters compact to a small area of white pixels on the scatter plots 
(A-C). T-cadherin plus LAMP and CEPU-1 (D-E) or F 11 plus CEPU-1 and 
OBCAM (E-G) have a much more cone shaped scatter plot, indicating there is not 
such a high correlation between the staining pixels of either T-cadherin or F 11 with 
the IgLONs. These scatter plots suggest IgLON clusters have significantly higher 
overlap on the surface of forebrain neurons compared to clusters o f either T- 
cadherin or FI 1 with IgLONs.
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0.75-1
c
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F ig u re  6 .8  A  P e a r so n ’s co rre la tio n  c o e ff ic ien t a n a ly s is  o f  c o -c lu s te r in g  
o f  C E P U -1  a n d  L A M P  on  fo re b ra in  n eu ro n s
The dual staining patterns from three different areas of the forebrain neuron 
membrane were selected using LEICA Lite™ software and compared using Image J 
plugin™ software to calculate Pearson’s correlation coefficient. Correlation between 
CEPU-1 and LAMP (CL) on the surface of the forebrain neurons has a Pearsons’ 
value of 0.48 (yellow histogram). Correlation between T-cadherin with LAMP 
(TcadL) and CEPU-1 (TcadC) has Pearsons’ values of 0.19 and 0.1 respectively 
(orange histograms). The significantly stronger correlation between CEPU-1 and 
LAMP compared to that between T-cadherin with LAMP and CEPU-1 suggests only 
CEPU-1 and LAMP co-localise to areas of the forebrain membrane, supporting the 
formation of putative IgLON complexes.
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F ig u re  6 .8  B  P e a r so n ’s co rre la tio n  c o e ffic ien t a n a lys is  o f  c o ­
lo ca lisa tio n  o f  C O  on  fo re b ra in  n eu ro n s
Similarly, CEPU-1 and OBCAM (CO) have a Pearson’s value of 0.666 indicating a 
strong correlation to the same areas of the forebrain membrane (yellow histogram) 
The correlation between F ll with CEPU-1, (Fll  C) and OBCAM, (Fll  O) have a 
much lower Pearson’s value 0.102, 0.090 (respective orange histograms) suggesting 
F ll has little correlation to CEPU-1 or OBCAM. This confirms CEPU-1 and 
OBCAM specifically co-cluster to an area of the forebrain membrane supporting the 
formation of putative CO heterodimeric complexes.
161
Chapter Six
DISCUSSION
The first approach to demonstrate the existence of putative cis heterodimeric 
IgLON complexes was by immuno-purification. CO was PiPLC digested from the 
surface of CO-CHO cells into solution and OBCAM rabbit serum antibodies, 
immobilised on nitrocellulose, immuno-purified OBCAM. Subsequent staining of 
western blots of the immuno-purified proteins revealed both OBCAM and CEPU-1, 
suggesting CEPU-1 was complexed with OBCAM on the CHO cell surface. On 
western blots CEPU-1 and OBCAM rat antisera were specific, but as some CEPU-1 
was non-specifically immuno-purified by immobilised OBCAM antibodies from the 
CEPU-1-CHO cell PiPLC supernatant so the experiment was invalidated in terms of 
conclusively demonstrating the complex.
A similar approach of affinity-purification using a HISx6 tag improved the 
experiment. OBCAM IgLON was HISx6 tagged and doubly transfected CHO cell 
lines expressing HISx6 OBCAM alongside LAMP and CEPU-1 were prepared. In 
these experiments nickel beads captured the HISx6 tagged OBCAM and co­
purification of CEPU-1 and LAMP provided evidence for the putative IgLON 
complexes. The experiment using the cell line expressing LAMP alongside HISx6 
OBCAM was more robust in identifying the LO complex than the cell line 
expressing CEPU-1 identifying CO.
The captured proteins from the doubly transfected CHO cell lines stained at 
the higher molecular weight of 110 kDa with IgLON antisera on western blots 
suggested a dimer had been eluted by the beads. LAMP affinity-purified by the 
HISx6 tag on 0 H had possibly remained associated as the LOH putative complex. The 
CHO cells used to prepare the supernatants were confluent so the 110 kDa band 
could have potentially formed from both cis and trans interactions between the 
IgLONs on the CHO-cell surface. However, as LAMP has such a weak trans 
homophilic interaction the band more likely arises from a cis heterophilic 
interaction.
The final approach of antibody co-clustering of IgLONs on the surface of 
forebrain neurons provided additional evidence for the putative cis heterodimeric 
IgLON complex. In these experiments cultured E8 forebrain dissociated neurons 
were live stained with two different IgLON antisera. The first antiserum clustered 
IgLON molecules together on the plasma membrane of the neuron and was
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visualised as punctuate staining. Staining with a second antiserum co-clustered the 
two IgLONs to the same location on the membrane. Image J analysis of the overlay 
of the two IgLON staining patterns confirmed they had co-clustered to the same 
location. T-cadherin and FI 1, similar GPI anchored proteins did not associate with 
IgLONs to the same location and so acted as a negative control for non-specific co­
clustering. The specific co-clustering of CEPU-1 with LAMP; CEPU-1 with 
OBCAM and OBCAM with LAMP suggested they had formed putative cis CL CO 
and LO heterodimeric complexes on the surface of the forebrain neurons.
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Final Discussion
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FINAL DISCUSSION
This thesis provides novel information on the comparative strengths of 
homophilic and heterophilic trans binding interactions between IgLON cell adhesion 
molecules CEPU-1, OBCAM and LAMP. Evidence is also provided for the 
formation of cis heterodimeric complexes between CEPU-1+LAMP (CL); 
LAMP+OBCAM (LO); CEPU1+OBCAM (CO) and similar cis interactions are 
proposed between Neurotractin (the fourth member of the family) with LAMP, 
OBCAM and CEPU-1. These complexes are described as dimeric IgLONs or 
Diglons. Evidence for IgLONs functioning as Diglons, to inhibit neurite outgrowth 
from forebrain neurons through Gi/o proteins and possibly the RHO signalling 
pathway is presented.
Initially, evidence for the putative Diglon cis complexes was indirect and 
came from an assay based on altered trans binding affinity of IgLON-FC 
recombinant proteins to transiently transfected CHO cells. In these assays LO and 
CL on the surface of CHO cells disrupted the trans binding of LAMP-FC. OBCAM 
and CEPU-1 were proposed to have sequestered LAMP into putative LO and CL cis 
complexes resulting in trans LAMP-FC binding sites becoming unavailable. CO- 
CHO cell line significantly reduced the trans affinity for LAMP-FC in an ELISA 
assay to support a cis interaction between CEPU-1 and OBCAM as a putative CO 
Diglon complex. There is no evidence to support IgLONs forming cis heterodimeric 
interactions with other CAMs outside of the family (Gil et al., 2002) so the 
unexpected inability of LAMP-FC recombinant protein to interact with forebrain 
(and other types of IgLON-expressing neurons) is proposed to be due to heterophilic 
cis interactions between IgLONs altering their trans binding affinity. Previously the 
function of IgLONs has been studied as individual members of the family, so 
considering the formation of these cis and possibly trans heterodimeric complexes is 
novel.
Other GPI-anchored IgSF molecules are known to form cis and trans 
interactions. For example axonin-1 has 6 Ig and 4 FN type III domains, interacts 
homophilically and also heterophilically with other NCAMs and extracellular matrix 
components. Domain-specific monoclonal antibodies studies have proposed a model 
for axonin-1 having a cis interaction between the C-terminal FN-m domains to align 
the axonin-1 molecules into a two dimensional array. At the N-terminus the end two
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Ig domains form a U-shaped arrangement as a compact head and trans homophilic 
interactions then interlaces these compact heads in a zipper-like manner (Kunz et al., 
2002).
Additional indirect evidence for Diglon complexes was obtained from 
functional studies in which initiation of neurite outgrowth was inhibited from a sub­
population of E7/8 forebrain neurons cultured on CO and CL-CHO cell lines. When 
released from the CHO cell surface and used as a substrate CO and CL maintained 
inhibition of initiation of forebrain neurite outgrowth, suggesting the interaction 
between the two IgLONs had remained stable even when not attached to the CHO- 
cell membrane. Similarly, a mixed solution of CEPU-1 and OBCAM released from 
single IgLON CHO-cell lines also inhibited neurite extension from forebrain neurons. 
IgLONs may have formed the CO complex in solution, but this assay rose the 
possibly that IgLONs may act in synergy to inhibit initiation of neurite outgrowth. In 
previous experiments a mixture of C-FC and O-FC recombinant protein did not 
inhibit neurite outgrowth suggested IgLONs cannot act in synergy (Michael Lyons 
unpublished data). In these experiments C and O monomers are in close proximity but 
as they are fixed by the attached FC they are unlikely to be able to interact. Together 
these experiments suggest an interaction between IgLONs is required before they can 
function to inhibit initiation of neurite outgrowth.
The formation of these putative Diglons complexes begins to address the 
anomaly of the ability of GP55 to inhibit neurite outgrowth, whereas single IgLONs 
have never satisfactorily demonstrated a definite functional affect. GP55 adult protein 
is a mixture of IgLONs so potentially could form a range of IgLON/Diglon 
complexes to inhibit the initiation of neurite outgrowth. These in vitro assays of 
developing neurons encountering dimeric IgLONs may be replicated in vivo as areas 
of co-expression of two members of the IgLON family is found in such areas as the 
cerebral cortex hippocampus and retina (Struyk et al., 1995; Gil et al., 2002; Miyata 
et al., 2003b), and maybe related to synaptogenesis (Horton and Levitt, 1988; Zacco 
et al., 1990; Funatsu et al., 1999; Miyata et al., 2000; Lodge et al., 2000; Miyata et al., 
2003c; Chen et al., 2001; Schafer et al., 2005; Yamada et al., 2007).
Affinity-isolation studies went on to provide some physical evidence for the 
formation of Diglon complexes. In these experiments isolation of a single IgLON 
from a solution of putative Diglons also co-purified an associated IgLON, but it was 
not possible to determine if the putative complex had formed by a cis or trans
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interaction on the surface of the CHO cell membrane. However, since monomeric 
CEPU-se has been demonstrated to have a very weak trans interaction with IgLON- 
CHO cell lines (Lodge et al., 2000) a trans interaction between monomers is not as 
likely. Furthermore, antibody co-clustering experiments strongly supported a cis 
interaction. In these experiments pairs of IgLONs co-localised to the same location on 
the membrane of forebrain neurons to suggest a definite cis interaction.
The data presented suggests that putative Diglon complexes form to 
potentially play a role in axon guidance by inhibiting initiation of neurite outgrowth 
by an as yet unknown mechanism. Diglons may become part of at least three possible 
types of receptor complexes to inhibit neurite outgrowth, illustrated in figure 7.1.
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Forebrain 
neuron A
Forebrain p  
neuron
c
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It is proposed Diglons form by a cis interaction (double headed vertical red arrows) 
between two IgLONs (yellow and blue boxes) and have a trans interaction to affect 
neurite outgrowth (double headed horizontal arrows). In part A, a trans interaction 
is proposed between Diglons expressed on forebrain neurons and extracellular 
Diglons. For example in this diagram the extracellular Diglons are expressed on an 
opposing cell. In part B, extracellular Diglons are proposed to function as a ligand 
activating an unknown transmembrane receptor (green arrow head) expressed on 
the surface of the forebrain neuron. Finally, part C, proposes IgLONs or Diglons 
form part of a cis complex with an unknown receptor on the surface of the forebrain 
neuron, which in turn interacts in trans with extracellular Diglons to induce neurite 
inhibition.
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A trans complex possibly forms between Diglons on the surface of the 
neurons and Diglons in the extracellular environment (figure 7.1 A). However, it is 
difficult to imagine how Diglons could interact directly in trans in vivo due to their 
small size. IgLONs only have three Ig domains, whereas other cell adhesion 
molecules present on the surface of neurons are much larger, for example Axonin 1, 
LI, have six Ig domains plus additional FN-III domains, therefore IgLONs may not 
come into close enough physical contact in vivo to be able to interact directly in 
trans. Electron micrographs have measured the gap between pre and postsynaptic 
axo-dendritic synapses as 25-30 nm. Each Ig domain is estimated as 4.5nm x 3nm x 
1.8 nm so IgLONs would only touch at the synapse and are not likely to be large 
enough to actually span the synapse (Ehinger et al., 1970). There is no evidence so 
far as to how secreted forms of CEPU-l-se and OBCAM-se function, or if there are 
additional secreted isoforms of Neurotractin and LAMP. Secreted IgLONs may 
provide a mechanism to interact as part of a receptor complex to help span the 
synapse in a similar way to Amalgam. Amalgam being a secreted Drosophila protein 
with three Ig domains that becomes part of a signalling complex, interacting directly 
with the trans-membrane receptor neurotactin, signalling through the tyrosine kinase 
Abl to direct axonal growth (Liebl et al., 2003).
GPI anchored proteins have been shown to interact in trans with neuronal 
transmembrane receptors to influence neurite outgrowth, so it is more likely Diglons 
in the extracellular environment are acting as a ligand for a transmembrane receptor 
expressed by forebrain neurons (figure 7. IB). Class A Ephrins are an example of GPI 
anchored molecules that function in this way. They initiate a forward signal through 
Eph receptors expressed on retinal ganglion cells, to guide axons to their correct 
location during the development of the retinotopic map (Frisen et al., 1998; Feldheim 
et al., 2000; Feldheim et al., 2004). Alternately IgLONs or Diglons may interact in cis 
to become part of the receptor complex on the forebrain neuron, before they interact 
in trans with Diglons to inhibit initiation of neurite outgrowth (figure 7.1C). The IgSF 
molecule LI forms this type of complex, influencing a cis receptor complex through 
an additional trans interaction. LI forms an association in cis with neuropilin on the 
surface of cortical neurons, which in turn is activated by secreted sema 3 and signals 
through plexin to inhibit neurite outgrowth (Castellani et al., 2000). This inhibition of 
neurite outgrowth is reversed by a trans interaction of LI with neuropilin, the specific 
binding site being located to the first Ig domain of LI (Castellani, 2002). The
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additional trans interaction of LI is thought to function by blocking the co­
internalisation of LI and neuropilin (Castellani et al., 2004).
Members of the IgLON family have previously been investigated as 
individual molecules but the possibility that IgLONs form cis heterodimeric 
complexes will change the way they are regarded in terms of how they function 
during neuronal development. Immuno-histochemical and in-situ hybridisation 
studies have demonstrated several types of cultured neurons express multiple 
members of the IgLON family, and tissue sections reveal distinct patterns of overlap 
of IgLON expression to suggest the opportunity for Diglons to form in-vivo. For 
example, LAMP co-localises with CEPU-1 and OBCAM in retinal sections (Lodge 
et al., 2001) OBCAM co-localises with CEPU-1 and KILON in the hippocampus, as 
does LAMP and CEPU-1 (Gil et al., 2002; Miyata et al., 2003b; Struyk et al., 1995). 
These co-localised IgLONs may potentially be functioning as Diglon heterodimeric 
complexes. The suggestion that IgLONs function as Diglons, does not exclude 
IgLONs functioning as individual molecules. Single IgLONs are expressed at some 
locations, for example strong expression of Neurotractin is found on cultured glial 
cells from chick forebrain, but relatively little expression of other IgLONs is 
detected. In E l8 chick cerebellum frozen sections Neurotractin was the only IgLON 
detected in the white matter, a region rich in oligodendocytes (Youssef, S., PhD 
thesis 2006).
IgLONs have no cytoplasmic domain so they are more likely to function as a 
ligand, requiring either a cis or trans interaction with a transmembrane neuronal 
receptor. It is proposed once they become part of a complex they may initiate the 
signal to inhibit the extension of neurites. PTX reversed neurite initiation of 
outgrowth from neurons cultured on GP55 substrate to suggest that trimeric Go/i 
proteins are part of the complex that initiates IgLON signal transduction (Clarke and 
Moss, 1994; Clarke and Moss, 1997). Similarly, PTX reversed Diglon-induced 
inhibition of neurite outgrowth from E7/8 forebrain neurons indicated trimeric Go/i 
proteins may also play a role in Diglon signal transduction. IgLONs are located to 
specific lipid raft regions of the membrane by their GPI anchor. These rafts regions 
are areas rich in intracellular signalling intermediates, including trimeric G-proteins, 
GTPases, Src family of tyrosine receptor kinases, (Tsui-Pierchala et al., 2002; 
Kamiguchi, 2006a) so IgLONs have the opportunity to interact with a variety of 
trans-membrane proteins.
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Many guidance molecules act through small GTPases, such as the Rho family 
of proteins. Rho guanine exchange factors (GEFs) and guanine activating protein 
(GAPs) initiate signals through Rho, Cdc 42 and Rac to the cytoskeleton during 
axonal guidance (Huber et al., 2003). Inhibition of neurite outgrowth by putative 
Diglon CO was reversed by a Rho kinase inhibitor to suggest a role for the Rho 
GTPase signalling pathway linking Diglons to the cytoskeleton. How Diglons initiate 
a signal through to Rho GTPases is as yet unknown, but the data presented in this 
thesis for requirement of the presence of a heterodimeric complex for IgLONs to 
function will help in the search for the receptor and the signalling pathways involved.
The overall proposal is Diglon complexes act in trans as extracellular ligands 
to activate an unknown receptor on the surface of neurons. This receptor may 
possibly require an additional cis interaction with Diglons present on the surface of 
the neuron. Once activated the receptor possibly initiates a signal through trimeric G 
proteins and/or the RHO kinase pathway to restrict neurite extension (figure 7.2).
171
Chapter Seven
?
/^RhoX
(  GTP )
No monomers available 
Neurite inhibition
F ig u re  7.2 P ro p o se d  m ech a n ism s f o r  D ig lo n  in h ib itio n  o f  n e u r ite  
o u tg ro w th
PTX inhibitor studies suggest putative Diglons (red and blue IgLON cartoons) signal 
via trimeric G proteins (yellow boxes) through an unknown receptor (?). From 
studies using the ROCK inhibitor Y27632 (green oval) it is proposed Diglon ligand 
binding initiates the ROCK kinase signalling cascade to inhibit neurite extension. 
The ROCK signalling cascade influences the cytoskeleton of the extending axon. 
ROCK phosphorylates (orange circles P) LIM Kinase to prevent it activating the 
actin severing protein cofilin. Cofilin no longer recycles actin monomers from the 
minus end of the actin filament (blue circles) to the leading edge, so polymerisation 
at the growth cone is halted (red circles). Furthermore retrograde flow of monomers 
away from the leading edge by phosphorylated myosin continues since ROCK also 
phosphorylates myosin light chain (MFC) phosphatase to keep myosin active, leaving 
no actin monomers available for actin polymerisation at the growth cone so axonal 
extension is halted. Figure based on diagrams from Huber 2003 and Dent 2003.
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Several other members of the IgSF act as part of receptor complexes, often 
activated by secreted guidance molecules. Slit plays a leading role in guiding axons 
across the midline through an interaction with the IgSF receptor molecule Robo 
(Long et al., 2004). Netrin directs neurite outgrowth during the attraction of spinal 
cord commissural axons to the floor plate via interactions with IgSF receptors DCC 
and UNC (Keleman and Dickson, 2001). Netrin interaction with a homodimeric 
DCC receptor stimulating neurite outgrowth, but if the receptor is altered to a 
heterophilic cis complex between DCC and UNC-5 neurite outgrowth is inhibited 
(Hong et al., 1999). Possibly the IgLON family are similar in that cis heterodimers 
form part of a signalling complex to inhibit neurite outgrowth.
Once the growth cone reaches its target a series of homophilic and 
heterophilic interactions between membrane bound cell adhesion proteins maintains 
initial contact. Members of the IgSF including N-CAM, LI nectin, SynCAM 
neurexin and neuroligins, as well as Ephrin/ Eph molecules and the cadherin family 
of Ca dependent proteins are all involved in connecting the incoming axon with the 
target (Yamada and Nelson, 2007). There is increasing evidence from expression 
studies that IgLONs maybe linked to the formation of synaptic connections. Early in 
development IgLON expression is found on axonal tracts and then may switch to 
dendrites, finally locating to the post synaptic membrane. Expression studies have 
linked expression of neurotrimin to axonal fasciculation, the formation of excitatory 
synapses and their stabilisation into adulthood in the rat cerebellum (Chen et al., 
2001). Staining alongside specific markers linked OBCAM expression to dendrites 
of cortical, hippocampal and hypothalamic magnocellular neurons(Miyata et al., 
2003a) Co-localisation of Kilon and OBCAM has been demonstrated on the 
dendrites of magnocellular neurons on post synaptic membranes alongside the 
synaptic marker protein vesicle associated membrane protein 2 (Miyata et al., 
2003b). In addition to expression data manipulation of the levels of OBCAM 
expression has suggested OBCAM is directly involved in synaptogenesis. In these 
experiments transfection of cultured hippocampal neurons with an OBCAM mRNA 
plasmid vector increased OBCAM expression and augmented the number of synaptic 
connections, whereas suppression of OBCAM with specific antibodies and antisense 
oligo-deoxyneucleotides impaired the formation of synapses (Yamada et al., 2007). 
OBCAM continues to influence synapse formation post natally. OBCAM was one of 
the genes found to be required for the establishment and maintenance of binocular
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connections in the cat visual cortex after eye opening (Prasad et al., 2002). There are 
distinctive patterns of IgLON co-expression linked to synapse formation in other 
parts of the visual system. For example in the E18 chick retina LAMP and CEPU-1 
locate to the outer-plexiform layer whilst LAMP and OBCAM is found in the inner- 
plexiform, areas rich in synaptic connections (Lodge et al., 2000).
Diglon inhibition of neurite outgrowth was only found in a subpopulation of 
E7-8 forebrain neurons and no inhibition was observed at the younger age of E6. As 
IgLON expression alters with development by switching to dendrites it is possible 
that only those neurons preparing to form synapses may have been inhibited by the 
extracellular Diglons in these forebrain neurite outgrowth assays. The key question is 
to find the receptors expressed by this sub-population of neuronal cells and 
understand how Diglons interact in cis and/or in trans as part of that receptor 
complex.
In summary IgLONs have multiple roles during neuronal development which 
continue on in the adult. Expression begins early in development, where IgLONs are 
thought to influence cell differentiation and migration; putative Diglon complexes 
may potentially have a role in axon guidance and synaptogenesis. Expression of 
IgLONs increases throughout development and is highest post-natally. In the adult, 
IgLON expression in the brain has been linked to synaptic plasticity, learning and 
behaviour. Increased LAMP expression in mice has been linked to anxiety and a 
reluctance to explore (Nelovkov et al., 2003) whereas LAMP deficient mice 
demonstrated exaggerated behaviour in novel environments (Catania et al., 2008). 
Outside of the nervous system loss of IgLON expression has been linked to several 
cancers, suggesting IgLON genes act as tumour suppressors. Loss of OBCAM was 
demonstrated in ovarian, kidney and brain tumours ((Reed et al., 2007; Sellar et al., 
2003) additional loss of LAMP and Kilon being found in some ovarian tumours 
(Ntougkos et al., 2005). Understanding the interactions of IgLONs and how they 
function in axon guidance, synaptogenesis, the maintenance of synapses and synapse 
plasticity may have important clinical applications in spinal injury, 
neurodegenerative diseases, mental health and tumourogenesis.
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S um m ary
IgLONs are a family of four cell adhesion molecules 
belonging to the Ig superfamily that are thought to play a 
role in cell-cell recognition and growth-cone migration. 
One member of the family, opioid-binding cell-adhesion 
molecule (OBCAM), might act as a tumour suppressor. 
Previous work has shown that limbic-system-associated 
protein (LAMP), CEPU-l/Neurotrimin and OBCAM 
interact homophilically and heterophilically within the 
family. Here, we show that, based on their relative affinities, 
CEPU-1 might be both a homo- and a heterophilic cell 
adhesion molecule, whereas LAMP and OBCAM act only 
as heterophilic cell adhesion molecules. A binding assay
using recombinant IgLONs fused to human Fc showed that 
IgLONs are organized in the plane of the membrane as 
heterodimers, and we propose that IgLONs function 
predominantly as subunits of heterodimeric proteins 
(Diglons). Thus, the four IgLONs can form six Diglons. 
Furthermore, although singly transfected cell lines have 
little effect on neurite outgrowth, CHO cell lines expressing 
both CEPU-1 and OBCAM (Diglon-CO) inhibit neurite 
outgrowth from cerebellar granule cells.
K ey  w o rd s: C e ll ad h es io n , Ig  su p e rfam ily , N eu rite  o u tg ro w th ,
T u m o u r su p p re sso r  gen e , O P I ancho r, M e m b ran e  p ro te in  co m p lex
Introduction
Cell adhesion molecules (CAMs) of the Ig superfamily are 
involved in many cellular processes during development, 
including regulation of cell proliferation, differentiation and 
migration (Brummendorf and Lemmon, 2001). Within the 
nervous system, various members of the Ig superfamily play 
defined roles in axon growth and guidance, and cell-cell 
recognition during synapse formation. Many C A M s  associate 
laterally and function in cell surface molecular complexes. For 
example, LI can associate with neuropilin-1 to form the Sema3A 
receptor (Castellani et al., 2000; Castellani et al., 2002), as well 
as interacting with, and signalling via, the fibroblast growth factor 
receptor (Walsh and Doherty, 1997). Glycosylphosphatidyl 
inositol (GPI)-anchored glycoproteins cluster in lipid rafts 
(Friedrichson and Kurzchalia, 1998; Varma and Mayor, 1998), 
encouraging their lateral association (Harris and Siu, 2002), and 
many or all will interact in cis with a transmembrane glycoprotein 
(Malhotra et al., 1998; Tansey et al., 2000).
IgLONs are a family of four C A M s  belonging to the Ig 
superfamily. Limbic-system-associated protein (LAMP) was 
the first member to be identified, followed by opioid-binding 
C A M  ( O BC AM ), Neurotrimin (NTM)/CEPU-1 and Kilon/ 
Neurotractin (Funatsu et al., 1999; Levitt, 1984; Marg et al., 
1999; Schofield et al., 1989; Spaltmann and Brummendorf, 
1996; Struyk et al., 1995). Each member has been variously 
characterized in terms of molecular structure, molecular 
binding interactions, expression and ability to modify neurite 
outgrowth and cell adhesion. Typically, all four IgLONs consist
of three Ig domains and are anchored in the plasma membrane 
via a GPI anchor. The GPI anchor sequesters them to the 
detergent-insoluble, cholesterol-rich lipid rafts, and the ability 
of IgLONs to signal to the interior of the cell will be influenced 
by this location and their requirement for a transmembrane 
receptor (Simons and Toomre, 2000). L A M P  and CEPU-1 also 
exist as a  and P isoforms, where the p isoform has an 
additional 11 or 12 amino acids between the third Ig domain 
and the GPI anchor; the function of this extra peptide 
is unknown (Brummendorf et al., 1997; Spaltmann and 
Brummendorf, 1996). The chick orthologue of Kilon can also 
be found as a two-Ig-domain form (Marg et al., 1999) and, 
furthermore, there is a secreted isoform of CEPU-1, CEPU-Se, 
that is missing the GPI anchor entirely (Lodge et al., 2001).
Early experiments indicated that L A M P  and NTM/CEPU-1 
were homophilic C A M s  and, more recently, it has been shown 
that all IgLONs interact heterophilically within the family (Gil 
et al., 2002; Lodge et al., 2000; Marg et al., 1999; Zhukareva 
and Levitt, 1995). Expression of the different members has been 
examined in the developing nervous system of chick embryos 
and embryonic and postnatal rats. In general, two or more 
IgLONs are often expressed within a specific tissue at any 
particular time, and this is clearly observed in the chick retina, 
where expression of LAMP, O B C A M  and NTM/CEPU-1 has 
been examined. L A M P  and CEPU-1 are found in the outer 
plexiform layer, whereas L A M P  and O B C A M  are found in the 
inner plexiform layer (Lodge et al., 2000). Recently, it has been 
shown that IgLONs are expressed outside the nervous system,
and one member of the family, O B C A M ,  might act as a tumour 
suppressor in ovarian epithelial cancer (Sellar et al., 2003).
The ability of individual members of the IgLON family to 
modulate neurite outgrowth has been investigated by several 
groups. In some cases, little or no response has been observed 
and, in others, moderate enhancement or inhibition has been seen 
(Gil et al., 1998; Hancox et al., 1997; Lodge et al., 2001; Mann 
et al., 1998; Marg et al., 1999; Mc N a m e e  et al., 2002). 
Interestingly, the most striking results were obtained with GP55, 
a glycoprotein isolated from adult brain that contains a mixture 
of all members of the IgLON family (Clarke and Moss, 1994). 
In this case, complete inhibition of neurite outgrowth from dorsal 
root ganglion (DRG) and forebrain neurons was seen, and this 
inhibition was reversed by pertussis toxin, suggesting the 
involvement of a G-protein-coupled receptor (Clarke and Moss, 
1997; Wilson et al., 1996). Nevertheless, experiments with 
isolated members of the family failed to exert any similar activity 
(McNamee et al., 2002). One puzzling result obtained from this 
study was the inability of sympathetic neurons to adhere to 
L A M P  and O B C A M ,  despite expressing LAMP, CEPU-1 and 
O B C A M  (McNamee et al., 2002). This suggested an incomplete 
understanding of the molecular interactions of the IgLON family.
In this paper, w e  have analysed the homo- and heterophilic 
interactions of three members of the IgLON family. 
Heterophilic interactions for L A M P  and O B C A M  have higher 
affinity than homophilic interactions in trans, and all three 
IgLONs are shown to interact in cis, suggesting that they 
act predominantly as subunits of heterodimeric proteins. 
Furthermore, one dimeric Ig LO N (Diglon-CO) inhibits neurite 
outgrowth, reminiscent of the activity of GP55, whereas the 
IgLON subunits alone have no effect.
M ateria ls  and  M ethods
Materials
A n tise ra  re c o g n iz in g  ch ick en  L A M P , O B C A M  an d  C E P U -1  w e re  
d e sc rib ed  p re v io u s ly  (L o d g e  e t  a l., 200 0 ). a l  L A M P -F c , a 2 0 B C A M -  
Fc and  a 2 p C E P U - l - F c  (G cn B an k  a cce ss io n  n u m b ers  fo r the  
re sp ec tiv e  Ig L O N  se q u en ces  a re  Q 9 8 9 1 9 , Q 9 8 8 9 2  an d  Q 9 0 7 7 3 ) w ere  
p rep a red  e ith e r  fro m  s ta b ly  tran sfec ted  J5 5 8 L  m o u se  m y e lo m a  ce lls  
as  d e s c rib e d  p rev io u s ly  (H o w ard  e t a l., 2 0 0 2 ) o r  fro m  ca lc iu m - 
p h o sp h a tc -m c d ia tc d  tra n s ie n t tran sfec tio n  o f  H E K  293  hu m an  
em b ry o n ic  k id n e y  ce lls , u s in g  m e th o d s d e sc rib ed  e lsew h ere  (C h en  
and  O k ay am a , 1988). C H O  ce ll lines s tab ly  ex p re ss in g  ce ll su rface  
a lL A M P , a 2 0 B C A M , a2 (S C E P U -l an d  a 2 C E P U - l  w e re  p re p a re d  
and  c u ltu re d  as d e sc rib e d  p rev io u sly  (L o d g e  e t a l., 200 1 ).
Immunofluorescence microscopy
C H O  c e lls  w e re  live  s ta in e d  w ith  Ig L O N -F c  o r  Ig L O N -sp cc ific  
an tise ra , e s se n tia lly  as d e sc rib e d  p rev io u sly  (L o d g e  et a l., 200 0 ). C e lls  
g ro w n  o n  co v e rs lip s  w e re  in cu b a ted  a t ro o m  tem p e ra tu re  fo r 20  
m in u te s  in  b lo c k in g  b u ffe r  [0 .12  M  so d iu m  p h o sp h a te  b u ffe r (p H  7 .4 ), 
1% b o v in e  se ru m  a lb u m in  (B S A )] co n ta in in g  an tise ra  (1 :1 0 0 ) o r 
Ig L O N -F c  (2 5  p g  m l-1) an d  b in d in g  w as d e te c te d  b y  in cu b a tio n  w ith  
T e x a s-R c d -c o n ju g a te d  a n ti-h u m a n  IgG  o r  g o a t a n ti- ra t IgG  (1 :1 0 0 ; 
b o th  fro m  Ja c k so n  Im m u n o R csc a rch ) . A verage  flu o re scen ce  in ten sity  
o f  s ta in in g  w as m e a s u re d  u s in g  M c tam o rp h  (U n iv ersa l Im ag in g  
C o rp o ra tio n ), a n d  v a lu es  w e re  n o rm a liz ed  to  b a c k g ro u n d  a n d  s ta tis tic s  
co m p iled  u s in g  E x ce l (M ic ro so ft).
Construction of GFP-tagged IgLON constructs
T h e p la s m id  v ec to rs  p S lax  an d  p lR E S  E G F P  w e re  g if ts  fro m  J.
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G ilth o rp e  (K in g ’s C o lleg e , L o n d o n , U K ). p O IG  an d  p L IG , p la sm id  
v ec to rs  e x p re ss in g  e ith e r  c h ick en  a  1 O B C A M  (G e n B a n k  a cce ss io n  
n u m b e r  A F 2 9 2 9 3 4 )  o r  a  1 L A M P  u n d e r  th e  co n tro l o f  a  P -ac tin  
p ro m o te r  a n d  en h an ce d  g reen  f lu o re scen t p ro te in  (E G F P ) d o w n stream  
o f  an  in te rn a l r ib o so m e  en try  s ite  (IR E S ) se q u en ce  w e re  b a sed  on  
th e  m od ified  p lR E S  G F P  vector. P o ly m era se  ch a in  reac tio n  (P C R ) 
u s in g  th e  p r im e r  p a irs: 5 '-T G G C T G T C G A C C A T G G G G G T C -3 ' an d  
5 '-A T C A A A A G T C G A G G A G G A G G C G -3 ' g e n e ra te d  fu ll-len g th  
a  1 O B C A M  im m ed ia te ly  p reced ed  by  an  N col s ite . F o llo w in g  c lo n in g  
o f  th e  1046 b p  p ro d u c t in to  p C R ® 2.1 -T O P O  (In v itro g cn ), the  
a  1 O B C A M  o p e n  read in g  fram e  w as  lig a ted  in to  th e  sh u ttle  v e c to r  
p S lax  a t B a m ill  an d  N col, th en  su b c lo n cd  in to  p lR E S  G F P  a t Clal 
an d  N ot\ to  p ro d u c e  pO IG . F u ll-len g th  a lL A M P  w as am p lified  by  
P C R  u s in g  th e  p r im e r  p a irs: 5 '-A A G C T T G C C A T G G T A G C G A G G - 
G C -3 ' an d  5 '-T C T A G A T T A A C A C T T G C T G A G T A G G C -3 ', and  th e  
1032 bp  p ro d u c t w as  c lo n ed  in to  p C R ® ll-T O P O  (In v itro g cn ). T h e  
a  1 L A M P  o p e n  re a d in g  fram e w as su b c lo n ed  d irec tly  in to  p lR E S  G F P  
a t E co R I an d  a n a ly se d  fo r th e  c o rre c t o r ien ta tio n  b y  re s tr ic tio n  
en zy m e  m a p p in g  to  p ro d u ce  p L IG .
Transient transfection of singly transfected CHO cells
W ild -ty p e  o r  s ta b ly  tran sfec ted  Ig L O N -C H O  ce lls  w ere  se ed ed  at 
1 .5 x l0 4 c e lls  p e r  w e ll in a  2 4 -w e ll p la te , g ro w n  o v e rn ig h t an d  
tran sfec ted  w ith  p L IG  o r  p O IG  u sin g  F u G E N E  6 (R o ch e )  a t a  1:3 
(w eig h frv o lu m e) ra tio  a c co rd in g  to  th e  m a n u fa c tu re r’s in s tru c tio n s . 
C e lls  w e re  in cu b a ted  in  the  co m p lex  fo r 4 8  h o u rs  an d  an a ly sed  by  
im m u n o flu o re sc en ce  m icro sco p y .
Preparation of CEPU-1/OBCAM-expressing CHO cells
a 2 C E P U - l  w as c lo n ed  in to  th e  p la sm id  v ec to r  p B u d C E 4 .1 
(In v itro g en ), d o w n s tream  o f  th e  E F - l a  p ro m o te r  a t th e  X hoi and  
K pn I s ite s  to  g en e ra te  p B u d (a 2 C ) . a 2 0 B C A M  w as c lo n ed  in to  
p B u d (a 2 C ) , d o w n s tream  o f  th e  C M V  p ro m o te r  a t the  H in d \\\ and  
X bal s ites , to  p ro d u c e  p B u d ( a 2 C - a 2 0 ) .  W ild -ty p e  C H O  ce lls  w ere  
tran sfec ted  w ith  p B u d ( a 2 C - a 2 0 )  u s in g  F u G E N E  6  a t a  1:3 
(w eig h frv o lu m e) ra tio  an d  se lec ted  in  4 0 0  p g  m H  Z eocin™  
(In v itro g en ). C o lo n ie s  w ere  a s se s se d  b y  im m u n o flu o re sc en ce  
m ic ro sco p y  w ith  an ti-C E P U -1  an d  an ti-O B C A M  an tib o d ie s  and  
iso la ted  b y  tw o  ro u n d s o f  d ilu tio n  su b c lo n in g . E x p ress io n  o f  C E P U - 
1 an d  O B C A M  w as co n firm ed  by  d o t b lo ts  a n d  w es te rn  b lo ts . C e lls  
w ere  ex trac ted  in  20  m M  T ris -H C l pH  7 .6 , 2 m M  E G T A , 1% N P -4 0  
an d  C o m ple te™  (R o ch e )  a t 3 7 °C  fo r 15 m in u te s  an d  cen tr ifu g ed  at 
5 0 ,0 0 0  g  a t ro o m  tem p e ra tu re  fo r 15 m in u tes . F o r d o t b lo ts , 2 p i  o f  
su p e rn a tan t w as sp o tted  o n  n itro c e llu lo se  an d  th en  p ro ce ssed  as fo r a 
w e s te rn  b lo t (L o d g e  e t a l., 2000 ).
Neuronal cell culture and adhesion and outgrowth assays
C e re b e lla r  g ran u le  c e lls  (C G C s) w e re  p re p a re d  fro m  e m b ry o n ic -d ay  
15 ( E l 5) ch ick  c e reb e llu m , e s sen tia lly  a s  d e sc rib ed  (C am b ray - 
D eak in , 1995). B riefly , c e re b e lla  w e re  sh red d ed  w ith  fo rceps, 
in cu b a ted  w ith  0 .2 5 %  try p s in  (G IB C O ) an d  th e  ce re b e lla r  p ieces  w ere  
tr itu ra ted  in  H a n k s ’ b a lan ced  sa lt so lu tio n  (H B S S ) co n ta in in g  3 m g  
m L 1 B S A , 0 .2 5 %  g lu co se , 1.4 m g  m l '1 MgSO.», 3 3 0  n g  m l '1 D N ase  
I (S ig m a-A ld rich )  an d  4  m g  m l" 1 so y b e an  try p s in  in h ib ito r  (S ig m a- 
A ld rich ). C e lls  w e re  o v e rla id  o n  a  g ra d ie n t o f  4 %  B S A  in H B S S , 
c en tr ifu g ed  a t  180 g  fo r  5 m in u te s  an d  p la te d  in  C G C  cu ltu re  m ed iu m  
[D u lb ecco ’s  m o d ified  E a g le ’s m ed iu m  c o n ta in in g  5 %  foetal c a lf  
se ru m  (F C S ) (H y C lo n e ) , 2  m M  G lu taM A X ™ -I (G IB C O ), 25  m M  
KC1, 0 .9 %  g lu c o se , 0.1 m g  m l-1 p e n ic illin , 100 U  m l '1 s trep to m y c in  
an d  2 .5 %  w h o le  c h ic k  em b ry o  ex trac t, p re p a re d  a s  d e sc rib ed  (H o w ard  
an d  B ro n n er-F rase r, 1985)]. N eu ro n a l ad h es io n  assay s  w ere  
p e rfo rm ed  a s  d e sc rib e d  p rev io u s ly  (M cN am e e  e t a l„  2 0 0 2 ), u s in g  
9 x l 0 5 C G C  p e r  w ell. E x p e rim en ts  w e re  c a rr ie d  o u t in  d u p lic a te  (4  
ho u rs) o r  tr ip lic a te  (18  h o u rs) , c o u n tin g  b lin d  five ran d o m ly  ch o sen
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m ic ro sco p e  fie ld s (1 m m 2) p e r  co v erslip . F o r  n eu ro n a l o u tg ro w th  
a ssay s , w ild -ty p e  o r  s ta b ly  tran sfec ted  Ig L O N -C H O  ce ll lin es  w ere  
se ed ed  o n to  co v ers lip s  in  a  2 4 -w e ll p la te  a t  2 .5 x l0 5 ce lls  p e r  w e ll and  
g ro w n  to  con fluence . C G C s a t  a  ce ll d en s ity  o f  l x l 0 5 ce lls  p e r  w ell 
w e re  p la ted  o n to  C H O  ce ll m o n o lay e rs  an d , a f te r  2 8-31 h o u rs  a t 37°C  
in  a  5 %  C O 2  a tm o sp h e re , c e lls  w ere  sta in e d  w ith  a n ti-ch ick en  G A P - 
4 3  a t 1 :500 (A llso p p  a n d  M o ss , 1989), fo llo w ed  by  T exas-R ed- 
co n ju g a ted  an ti-rab b it Ig G  (1 :2 5 ; Ja ck so n  Im m u n o R ese a rch ) . 
T rip lica te  ex p e rim en ts , co m p ris in g  th ree  co v e rs lip s  p e r  C H O  cell 
ty p e , w ere  ca rr ie d  ou t, an d  th e  p ro p o rtio n  o f  n cu ritc  o u tg ro w th  w as 
d e te rm in ed , co u n tin g  b lin d  a t leas t 100 n eu ro n s  p e r  co v erslip . N cu ritc  
len g th s  fro m  5 0  fie ld s p e r  ex p e rim en t w e re  m e a su re d  u sin g  
M e tam o rp h , ex c lu d in g  an y  n e u rite s  less th an  10 p m  in  len g th , and  
s ta tis tic s  w ere  c o m p iled  an d  an a ly sed  w ith  E xce l an d  S P S S  u sin g  o n e ­
w ay  an a ly s is  o f  v a rian ce  (A N O V A ).
Reverse-transcription PCR
T otal R N A  w as iso la ted  fro m  E 1 6  ch ick  em b ry o  ce reb e llu m  u sin g  
T R lzo l®  (G IB C O ) and  cD N A  w as m ad e  u s in g  S u p e rsc rip t™ !! 
(In v itro g en ) a cco rd in g  to  th e  m an u fa c tu re r’s in s tru c tio n s . IgL O N  
tran sc rip ts  w ere  am p lified  u s in g  th e  fo llo w in g  p r im e r  p a irs: L A M P, 
5 '-G G T A C A G G G A T G A C A C C A G G A T -3 ' an d  5 '-T G G C A T T T G T G - 
A C T C C C A G C T T G T -3 ', 153 b p  p roduct; O B C A M , 5 '-G T C G G A G - 
A A G G A C T A T G G C A A C T -3 ' an d  5 '-C A C T C C C T T A T C A A A A G T C - 
G A G G A -3 ', 190 b p  p ro d u c t; C E P U -1 , 5 '-G A C G A C A A G C G G C T G - 
G C T G A A -3 ' and  5 '-C T T T C T G C T G T G G T G G T C G T G C C -3 ', 331 bp  
p ro d u c t; C E P U -S e , 5 '-G A C G A C A A G C G G C T G G C T G A A -3 ' and  
5 '-C C A C T G C A C G T C T T G C A C A G T G -3 ', 2 42  b p  p ro d u c t; and  
g ly ce ra ld ch y d c -3 -p h o sp h a te  d eh y d ro g en ase  (G A P D H ), 5 '-T C C A A G - 
T G G T G G C C A T C A A T G A T C -3 ' an d  5 '-T T C T G G G C A G C A C C T C T - 
G T C A T C -3 ', 532  b p  p ro d u c t.
Preparation and flow cytometry of IgLON-coated polystyrene 
beads
C a rb o x y la tcd  fluo rescen t m ic ro p artic le s  (P o ly sc icn ccs)  w ere  
co valen tly  c o u p led  to  4 0 0  jig  m l-1 p ro te in  G  (C a lb io ch em ) u sin g  the 
ca rb o d iim id e  m e th o d  (P o ly sc ien ces  d a ta  sh ee t 23 8 C ) an d  b lo ck ed  w ith  
5 %  o v album in  a t ro o m  tem p e ra tu re  fo r 30  m in u te s  w ith  en d -to -en d  
m ix in g . 2.5 jig  Ig L O N -F c  o r  O x 4 0 -H u lg  Fc con tro l p ro te in  (g ift from  
S. M arsh a ll-C lark e , L ive rpoo l U niversity , L iv e rp o o l, U K ) w e re  ad d ed  
to  a 20%  su sp en sio n  o f  m ic ro p artic le s  in b o ra te  b u ffe r an d  gen tly  
ag ita ted  a t ro o m  tem p era tu re  fo r  15 m inu tes. A f te r  so n ica tio n  to  ob tain  
sin g le  partic les , m ic ro p artic le s  w ere  a llo w ed  to  ag g reg a te  fo r 15 
m in u tes, d ilu ted  in  FA C SFlow ™  (B ec to n  D ick in so n ) an d  an a ly sed  on  
a  FA CSV antage™  S E  (B ec to n  D ick in so n ) eq u ip p ed  w ith  a  laser 
con fig u red  to  488  nm  u ltrav io le t ligh t (C o h eren t E n te rp rise ) an d  a 
m o d e l 127 H c /N e  la se r tu n ed  to  633 n m  (S p ec tra -P h y sics ). F o rw ard  
scatter, side scatter, FL1 (Y ellow  G reen  b ead s) and  F L 4  (B rillian t B lue 
b ead s) p a ram ete r  d a ta  w e re  co llec ted . 10,000 even ts p e r  sam p le  w ere  
an a ly sed  u sin g  C ellQ uest™  P ro  4 .0  (B ec to n  D ick in so n ). S ta tis tics  
w e re  an a ly sed  w ith  SP S S  u sin g  o n e-w ay  A N O V A .
Cell-based ELISA
W ild -type  o r  s tab ly  tran sfec ted  IgL O N  C H O  ce ll lin es  w ere  seeded  
in to  a  96 -w ell p la te  a t 3 x 1 04 ce lls  p e r  w e ll an d  g ro w n  fo r  18 h o u rs  a t 
37 °C . C e lls  w e re  in cu b a ted  a t ro o m  tem p e ra tu re  fo r  1 h o u r  in  fresh  
cu ltu re  m ed iu m  c o n ta in in g  0  j tg  m l-1, 0.1 j tg  m l-1 , 1 g g  m H  o r  10 
p g  m L 1 ch im ae ric  Ig L O N -F c , w ash ed  th ree  tim e s  in  P B S  an d  fixed  
in  4 %  p a ra fo rm a ld eh y d e , 120 m M  su c ro se  fo r  10 m in u te s . Ig L O N -F c 
b in d in g  w as d e tec ted  b y  in cu b a tio n  w ith  h o rse rad ish -p e ro x id a se -  
co u p led  an ti-h u m an  Fc (1 :5 0 0 0 ; D A K O ) a t ro o m  tem p era tu re  
fo r  1 hour. A f te r  30  m in u te s  in  th e  p re sen c e  o f  3 ,3 ',5 ,5 '-  
te tram e th y lb en z id in e  su b s tra te  (S ig m a-A ld rich ), c o lo u r  d ev e lo p m en t 
w as  sto p p ed  w ith  1 M  H 2 SO 4  a n d  th e  ab so rb an c e  read  a t 4 5 0  nm .
Fig. 1. C G C  ex p ress  L A M P , O B C A M  an d  C E P U -1 on  th e ir  su rface.
(A ) R T -PC R  w as c a rr ie d  o u t o n  cD N A  p rep a red  fro m  E l 5 
ce reb e llu m . P rim e rs  w e re  d es ig n ed  to  am p lify  a  c en tra l reg io n  o f  
L A M P  an d  O B C A M  o cc u rr in g  in  a ll know n  iso fo rm s, o r  to  d e tec t 
C E P U -1  and  C E P U -S e , specifically . A ll th ree  m em b ers  o f  th e  fam ily  
and  bo th  G P I-an ch o rcd  an d  se c re te d  fo rm s o f  C E P U -1  a rc  exp ressed .
(B ) Im m u n o flu o rescen ce  m ic ro sco p y  o f  liv e-sta in ed  C G C  revea led  
th a t L A M P, O B C A M  an d  C E P U -1  are  ex p ressed  o n  th e  ce ll su rface. 
In  a ll c a se s , spec ific  p u n c ta te  s ta in in g  co u ld  b e  o b se rv ed . B ar, 25  jlm .
R esults
LAMP-Fc does not bind to CGCs that express LAMP, 
OBCAM and CEPU-1
W e  have shown previously that sympathetic neurons, which 
express LAMP, O B C A M  and CEPU-1, bind only to CEPU-1-Fc 
in cell adhesion assays (Lodge et al., 2000; Mc Na me e et al.,
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Fig. 2. R e c o m b in a n t Ig L O N -F c  p ro te in s  show  
d iffe ren tia l in te ra c tio n s  w ith  C G C s. C G C s 
adhere  p re fe re n tia lly  to  C E P U -l-F c  an d  fail to  
adhere  to  L A M P -F c . D isso c ia ted  C G C s w ere  
in cu b a ted  o n  c o v e rs lip s  se q u en tia lly  co a ted  w ith  
p ro te in  A  a n d  re c o m b in a n t Ig L O N -F c  fo r (A ) 4  
hours (n=2 ) o r  (B ) 18 h o u rs  (rr=3), an d  ad h erin g  
ce lls  w ere  c o u n te d . A fte r  4  h o u rs , th e  n u m b er o f  
ce lls  a d h e r in g  to  C E P U -1  -F c  w as 
a p p ro x im a te ly  6 0 %  o f  th a t ad h e rin g  to  po ly -L - 
lysine an d  w a s  s ig n if ic an tly  ab o v e  b ack g ro u n d  
(P < 0 .0 0 0 1 ), w h e re a s  ad h es io n  to  L A M P  and  
O B C A M  w a s  s im ila r  to  b ack g ro u n d . A fte r  18 
hours, a d h e s io n  to  C E P U -1 -F c  h a d  in c reased  to  
80%  o f  th e  p o ly -L - ly s in e  co n tro l an d  ad h es io n  
to O B C A M -F c  w a s  n o w  5 0 %  o f  the  p o ly -L - 
lysine co n tro l a n d  s ig n if ic an tly  above 
b ack g ro u n d  (F’O .O O O l). A d h es io n  to  L A M P -F c 
rem ain ed  s im ila r  to  b ack g ro u n d . (C ) L ive 
s ta in ing  o f  C G C  w ith  Ig L O N -F c  rev ea led  a 
p u n cta te  s ta in  w ith  b o th  C E P U -l-F c  and  
O B C A M -F c , b u t L A M P -F c  s ta in in g  w as s im ila r  
to  the  s e c o n d a ry  a n tib o d y  a lo n e . In  k eep in g  
w ith th e  a d h e s io n  re su lts  sh o w n  ab o v e , the 
C E P U -l-F c  s ta in in g  w as m o re  in ten se  th an  th a t 
ob se rv ed  w ith  O B C A M -F c . B ar, 25 p m .
A B
C
secondary antibody only LAMP-Fc
OBCAM-Fc CEPU-1-Fc
Fig. 3. Ig L O N  h o m o d im e rs  h ave  
d iffe ren t b in d in g  a ffin itie s . 
F lu o re scen t b e a d s  c o u p le d  to 
p ro te in  G  c o a te d  w ith  re co m b in an t 
L A M P -F c , O B C A M -F c  o r  C E P U - 
l-F c  w e re  a llo w e d  to  a g g reg a te  fo r 
15 m in u te s  a n d  a n a ly se d  b y  flow  
cy tom etry . (A )  C E P U -1 -F c -c o a te d  
beads sh o w ed  th e  b e s t  ag g reg a tio n , 
w ith  o n ly  2 2 %  o f  b e a d s  re m a in in g  
sing le , c o m p a re d  w ith  3 0 %  fo r  
O B C A M -F c  a n d  4 5 %  fo r  L A M P - 
Fc. A n  u n re la te d  ly m p h o cy te  
p ro te in  O x 4 0 -H u lg  F c g av e  68 % , 
and  p ro tc in -G -c o u p lc d  b e a d s  g ave  
80%  (n=4). C E P U -1  an d  O B C A M  
w ere  s ig n if ic a n tly  d if fe re n t from  
L A M P  (/>< 0 .004  a n d  P < 0 .0 4 , 
resp ec tiv e ly ). (B )  C E P U -1 -F c -  
coa ted  b e a d s  fo rm e d  la rg e r
B
Protein G CEPU-1 OBCAM LAMP Ox40-Hulg
ag g reg a tes th a n  L A M P -F c -c o a te d  b ead s . T h e  n u m b er o f  s in g le  C E P U -l-F c  b e a d s  w as sm a ll c o m p a red  w ith  sin g le  L A M P  b ead s , a n d  the  
n u m b er o f  C E P U -l  ag g reg a te s  w ith  th ree  o r  m o re  b e a d s  w as  m u ch  larger.
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2002). This result had no obvious explanation. To confirm and 
extend this finding, we tested whether C G C  also show a similar 
discrepancy in their interactions with members of the IgLON 
family. C G C s  express LAMP, O B C A M  and CEPU-1 as 
shown by reverse-transcription P C R  (RT-PCR), and 
immunofluorescence staining revealed that all three are located 
on their surface (Fig. 1). Nevertheless, cell adhesion assays 
showed that C G C s  bound well to CEPU-1-Fc and only weakly 
to LAMP-Fc at both 4 hours and 18 hours (Fig. 2A,B). The initial 
adhesion to O B C A M - F c  at 4 hours was relatively low, but this 
improved with time and approached the activity of CEPU-1-Fc 
after 18 hours (Fig. 2B). To investigate whether the relative 
affinity of protein-protein interactions between the different 
IgLON molecules varied, the ability of the chimaeric proteins to
Fig. 4. L A M P  b in d s  w ith  h ig h es t affin ity  to  O B C A M  an d  C E P U -1 . 
C H O  ce ll lines w e re  g ro w n  in 9 6 -w ell p la te s  an d  in cu b a ted  w ith  
v a ry in g  c o n cen tra tio n s  o f  ch im ae ric  p ro te in s. (A ) F o r  L A M P -C H O , 
stro n g  b in d in g  w as o b se rv e d  w ith  O B C A M -F c  a n d  C E PU -1 -Fc , bo th  
o f  w h ic h  d isp lay e d  a lm o s t id en tica l ab so rb an ce  fo r  each  concen tra tio n  
tes ted . H ow ever, w ith  L A M P -F c , th e  ab so rb an ce  rem a in ed  at 
b a ck g ro u n d  levels , ev en  a t 10 g g  m l 1. (B ) F o r  O B C A M -C H O , 
h ig h es t ab so rb an ce  va lu es w e re  o b se rv ed  w ith  L A M P -F c  a t 10 g g  
m H  ( -0 .7 5 ) ,  a s  p red ic ted  b y  th e  p rev io u s resu lt. T h e  n ex t h ig h es t w as 
C E P U -l-F c  a t 10 | i g  m l-1 (—0 .3 5 ) an d  th e  lo w est w as O B C A M -F c  at 
10 g g  m l-1 ( -0 .2 ) .  (C ) F o r  C E P U -C H O , h ig h es t ab so rb an ce  w as 
o b se rv ed  w ith  L A M P -F c  a t 10 g g  m l" 1 ( -0 .8 ) ,  fo llo w ed  b y  C E P U -1- 
F c a t  10 g g  m l" 1 ( - 0 .7 )  a n d  the  low est w as  O B C A M -F c  a t 10 g g  m l"1 
( -0 .3 5 ) ,  a s  ex p ec ted . E rro r  b a rs  lie  w ith in  the  sy m b o l fo r som e po in ts. 
(D ) T ak ing  to g e th e r  th e  re la tiv e  a ffin ities  o f  th e  h o m o p h ilic  
in te rac tio n s from  F ig . 3 an d  th e  co m p ara tiv e  affin ity  o f  th e  ho m o - and  
h c tc ro p h ilic  in te rac tio n s , w e  p ro p o se  th is  h ie ra rch y  fo r th e  rela tive  
a ffin ity  o f  IgL O N  in te rac tio n s  in trans.
Diglon-CO inhibits neurite outgrowth
Fig. 5. D o Ig L O N s fo rm  h e tc ro d im ers  in c is?  W e p ro p o se  that 
Ig L O N s p re fe re n tia lly  fo rm  h e te ro d im ers  on  th e  su rface  o f  neu ro n s. 
T h e  h o m o d im eric  Ig L O N -F c  p ro te in s  m ig h t no t b in d  to  the 
h e te ro d im ers  b e c a u se  d im eriz a tio n  in d u ces a  co n fo rm atio n a l ch an g e  
th a t in te rfe res  w ith  b in d in g , b ecau se  o f  stc ric  h in d ran ce  o r  because  
th e  a ffin ity  o f  o n e  h ead  to  o n e  o f  the  h c tc ro d im cric  su b u n its  is too  
lo w  to  s ta b ilize  th e  co m p lex .
bind to the surface of C G C s  was tested. Although weaker than 
binding with antibody, both CEPU-1-Fc and O B C A M - F c  
binding was observed, but LAMP-Fc binding to the surface of 
C G C  was not detectable (Fig. 2C). This latter experiment strongly 
suggested that the difference in cell adhesion is primarily due to 
variations in protein binding rather than indirect effects.
Differential affinity of homophilic interactions 
The unexpected interactions between the recombinant 
chimaeric proteins and neurons suggested an incomplete 
understanding of the molecular complexes formed by this 
family, and prompted a comparison of the relative affinity of 
the homophilic interactions of LAMP, O B C A M  and CEPU-1. 
Recombinant IgLONs attach to protein-G-coupled fluorescent 
polystyrene beads by their Fc tail, leaving both IgLON heads 
available for binding. Aggregation experiments showed that 
CEPU-1-Fc interacted with higher affinity, because fewer 
single beads were observed (Fig. 3). LA MP -F c had the lowest 
affinity for itself as judged by the larger number of single beads 
(Fig. 3A) and smaller size of the aggregated beads (Fig. 3B),
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LAMP-CHO + OBCAM/GFP + CEPU-1-Fc
CEPU-1-CHO + OBCAM/GFP ♦ LAMP-Fc
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G H I
F ig . 6 . H e te ro d im eric  p ro te in s  fo rm  on th e  su rface  o f  C H O  ce lls  ex p re ss in g  b o th  L A M P  and  O B C A M . C H O  ce lls  s tab ly  ex p re ss in g  L A M P  o r 
C E PU -1 w ere  tran s ien tly  tran sfec ted  w ith  p O IG . C e lls  w ere  sta in ed  w ith  L A M P -F c , O B C A M -F c  o r  C E P U -l-F c . (A ) L A M P -C H O  ce lls  bou n d  
O B C A M -F c  w ith  h ig h  a ffin ity  b u t, w h en  O B C A M  w as  ex p ressed , s ta in in g  w as sp ec ifica lly  re d u c e d  (a rrow ). N o n -tran s ien tly  tra n sfe c te d  ce lls  
have c ith e r  L A M P  m o n o m ers  o r  d im ers on  th e ir  ce ll su rface  bu t, a f te r  ex p re ss io n  o f  O B C A M , L A M P  is seq u este red  b y  O B C A M  in 
he tc ro d im crs . O B C A M :L A M P  h c tc ro d im crs  no  lo n g er s ta b ilize  O B C A M -F c  b in d in g . I f  O B C A M  ex p ress io n  ex ceed s L A M P  ex p ress io n  then  
O B C A M  m o n o m ers  o r  d im ers  w ill a lso  b e  av a ilab le , b u t th e se  w ill s im ila r ly  fail to  s ta b ilize  O B C A M -F c  b ind ing . (B ) L A M P -C H O  ce lls  bou n d  
C E P U -1 -F c  w ith  h ig h  a ffin ity  bu t, w h en  O B C A M  w as  ex p re ssed , s ta in in g  w as sp ec ifica lly  red u ced  (a rro w ). C E P U -1 -F c  b in d s  w e ll to  c e lls  
ex p ress in g  o n ly  L A M P , b u t b in d in g  is d e s tab iliz e d  b y  th e  in tro d u c tio n  o f  O B C A M  an d  th e  su b seq u en t in co rp o ra tio n  o f  L A M P  in to  
L A M P :O B C A M  d im ers . (C ) L A M P -C H O  ce lls  b o u n d  L A M P -F c  v e ry  w eak ly , b u t ex p re ss io n  o f  O B C A M  in c reased  L A M P -F c  b in d in g  ow in g  
to  g rea te r  re ten tio n  o f  L A M P -F c  by  the  L A M P :O B C A M  d im ers  (co m p a re d  w ith  L A M P  h o m o d im ers)  an d  p e rh ap s  the  p re sen c e  o f  free  
O B C A M , w h ich  w o u ld  b in d  L A M P -F c  w ith  re la tiv e ly  h ig h  affin ity . In tro d u c tio n  o f  O B C A M  in to  C E P U -1 -C H O  ce lls  re su lte d  in  little  ch an g e  
in  flu o rescen ce  in tensity . (D ) L A M P -F c  b o u n d  w ith  s im ila r  (h ig h ) a ffin ity  to  C E P U -l-C H O  an d  to  th e  O B C A M :O B C A M  d im ers  th a t m ig h t 
fo rm . H ow ever, it is  u n c lea r  fro m  th is  ex p e rim en t w h e th e r  C E P U -1  :O B C A M  d im ers  a lso  fo rm  an d  w h e th e r  L A M P -F c can  in te rac t w ith  them . 
In ten se  flu o re scen ce  s ta in in g  o f  all c e lls  w as o b se rv ed . (E ) O B C A M -F c  an d  (F )  C E P U -1 -F c  s ta in e d  C E P U -l-C H O  ce lls  less  in ten se ly  th an  
L A M P -F c  bu t, ag a in , O B C A M  ex p re ss io n  d id  n o t ch an g e  th e  in ten s ity  o f  f lu o rescen ce  sta in in g . It is im p o rtan t that, in  th ese  la s t th ree  
ex p erim en ts , tran s ien t tran sfec tio n  o f  O B C A M  cD N A  w as  in su ffic ien t o n  its o w n  to  ch an g e  th e  ab ility  o f  th e  ch im aeric  p ro te in s  to  b in d . F o r all 
cases , ex p ress io n  o f  E G F P  a lo n e  d id  no t a lte r  Ig L O N  b in d in g . B ar, 25  p m . T h e  f lu o rescen ce  in ten sity  o f  u n tran sfcc tcd  an d  p O IG -tran s fcc tc d  
L A M P -C H O  ce lls  w as  qu an tified . T ran sfec tio n  o f  O B C A M  sig n ifican tly  re d u c e d  th e  b in d in g  o f  (G ) O B C A M -F c  o r  (H ) C E P U -l-F c  as ju d g e d  
b y  th e  red u c tio n  in  flu o re scen ce  in tensity . (I)  T h e  flu o re scen ce  in ten s ity  o f  u n tran sfec tcd  an d  p O IG -tran s fcc tc d  C E P U -l-C H O  ce lls  w as 
q u an tified . T ran sfe c tio n  o f  O B C A M  d id  n o t s ig n if ic an tly  a lte r  th e  b in d in g  o f  L A M P -F c  a s  ju d g e d  b y  f lu o rescen ce  in tensity . (J) T h e  ex p ress io n  
o f  O B C A M  o n  p L IG -tra n sfe c te d  C H O  ce lls  w as  u n ch an g ed  as ju d g e d  b y  im m u n o flu o rescen ce  s ta in in g  w ith  a n tise ra  to  O B C A M .
whereas O B C A M - F c  gave intermediate values. These results 
mirrored the ability of the chimaeric proteins to bind to the 
surface of C G C s  and sympathetic neurons. Nevertheless, they 
do not provide an adequate explanation for wh y L A MP -F c 
does not bind to the surface of neurons, because both CEPU- 
1 and O B C A M  are expressed and should be available to bind 
LAMP-Fc. This prompted us to examine the heterophilic 
interactions of members of the IgLON family.
Some heterophilic interactions predominate over 
homophilic interactions (in trans)
To quantify the relative affinity of the homo- and heterophilic 
interactions, w e  used a cell-based ELISA assay (Fig. 4). These
experiments demonstrated that L A M P  bound with highest 
affinity to O B C A M  and CEPU-1 (Fig. 4B,C). B y  contrast, the 
O B C A M / C E P U - 1  heterophilic complexes were less stable 
than the heterophilic complexes involving L A M P  (Fig. 4B,C). 
The homophilic interactions of both O B C A M  and L A M P  were 
weak (Fig. 4A,B), whereas CEPU-l/CEPU-1 homophilic 
interactions had relatively high affinity (Fig. 4C), confirming 
the results obtained from the bead aggregation experiments. It 
is unclear why CEPU-l/CEPU-1 interactions should have 
higher affinity than other homophilic interactions, but the 
recombinant CEPU-1 used in these experiments includes the ß 
exon (whereas the L A M P  used was the a  isoform), so ßCEPU- 
1 might have a role as a homophilic C A M  as well as a 
heterophilic C A M .  It remains to be seen whether this is due to
the P exon or whether CEPU-1 is different in this respect from 
L A M P  and O B C A M .  Taken together, these experiments 
revealed a hierarchy for the homo- and heterophilic 
interactions as shown in Fig. 4D.
IgLONs form dimers in the plane of the membrane
Nevertheless, this hierarchy of binding does not explain the 
original observation that L A M P - F c  binds weakly or not at all 
to C G C s  and sympathetic and D R G  neurons (McNamee et al., 
2002). Even though L A M P - F c  does not bind well to itself, it 
is clear that L A M P - F c  should bind well to CEPU-1 and 
O B C A M ,  which are both present on the surface of CGC. To 
explain our observations, w e  need to consider the possible 
interactions between IgLONs in the plane of the membrane. It 
has been shown previously that N T M/ CE PU -1 will form 
homodimers in the plane of the membrane (Struyk et al., 1995). 
W e  have also observed the formation of homodimers and 
homotetramers for L A M P  and O B C A M ,  as well as CEPU-1, 
when cells are confluent (data not shown). W e  suggest that the 
tetramers are formed from two pairs of homodimers that have 
formed in cis, and that these dimers then interact in trans. Thus, 
in response to external stimuli, all three IgLONs form 
homodimers and tetramers. W h e n  two or more IgLONs are 
expressed, is it possible that heterophilic dimers might form in 
cis? And, if so, does this explain wh y L A M P - F c  does not bind 
to the neuronal cell surface (Fig. 5)?
Do IgLONs form heterodimers in cis?
This question was investigated by transiently transfecting 
O B C A M  or L A M P  into C H O  cell lines already expressing one 
IgLON. The dimeric recombinant proteins were used to detect 
the presence of monomers that are available to form 
homodimers (Fig. 6). In the first series of experiments, O B C A M  
was transiently transfected into L A M P - C H O  cells. L A M P  
monomers and dimers bind O B C A M - F c  with high affinity, 
whereas O B C A M  monomers and dimers bind O B C A M - F c  with 
low affinity. Crucially, w e  propose that O B C A M : L A M P  
heterodimers will also fail to bind O B C A M - F c  owing to their 
lower affinity for one head, steric hindrance or conformational 
changes. Thus, O B C A M - F c  can be used to determine whether 
L A M P  monomers or dimers remain available after expression 
of O B C A M ,  or whether they are irreversibly sequestered into 
L A M P : O B C A M  dimers. Wh e n  O B C A M  was transiently 
transfected into L A M P - C H O  cells, O B C A M - F c  binding was 
substantially reduced, a result that can only be accounted for by 
the irreversible sequestration of L A M P  into L A M P : O B C A M  
dimers (Fig. 6A,G). L A M P  expression on the surface of the 
cells was unchanged by the expression of O B C A M ,  as judged 
by immunofluorescence staining with L A M P  antisera (data not 
shown). Likewise, the binding of CEPU-1-Fc was reduced by 
the introduction of O B C A M  (Fig. 6B,H). Again, the formation 
of L A M P : O B C A M  dimers in cis results in the destabilization 
of the tetrameric complex formed with CEPU-1-Fc, owing to 
failure of the homodimeric protein to bind to the heterodimer. 
By contrast, LA M P - F c  binding increased when O B C A M  was 
co-expressed (Fig. 6C), probably owing to overexpression of 
O B C A M  compared with the L A M P  already present on the cell 
surface.
Wh en O B C A M  was expressed in C E PU -1 -C HO cells, no
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substantial change in the binding of LAMP-Fc, CEPU-1-Fc or 
O B C A M - F c  was observed. Because the affinity of all three 
chimaeric proteins is similar for both CEPU-1 and O B C A M ,  
this experiment does not demonstrate clearly whether CEPU- 
L O B C A M  dimers form. However, the increase in overall 
IgLON concentration owing to the transient expression of 
O B C A M  does not cause a detectable change (Fig. 6D-F,I), 
supporting our hypothesis that the differences in fluorescence 
intensity seen with other combinations are caused by the 
formation of heterodimers and not by changes in the overall 
level of IgLON expression. The expression of a second IgLON 
and G F P  does not appreciably affect the expression of the first, 
as shown by staining O B C A M - C H O  cells, transiently 
expressing L A M P  and GFP, with O B C A M  antisera (Fig. 6J).
To confirm the formation of L A M P : O B C A M  dimers and test 
for the formation of LA MP:CEPU-1 dimers, we repeated these 
experiments but transiently transfected L A M P  into O B C A M -  
C H O  and C E P U - 1 - C H O  cells. Similar results to those observed 
in Fig. 6 were obtained (Fig. 7). The expression of L A M P  in 
O B C A M - C H O  cells destabilized L A MP -F c binding, again 
suggesting that L A M P  dimerizes with O B C A M  in cis (Fig. 7A). 
Similarly, expression of L A M P  in CE PU-1-CHO cells 
destabilized L A M P - F c  binding, providing evidence for the 
formation of LA MP :C EP U- 1 dimers in cis (Fig. 7B). In both 
cases, L A M P  expression enhanced binding of O B C A M - F c  and 
CEPU-1-Fc probably because of overexpression of L A M P  
compared with CEPU-1 or O B C A M  (Fig. 7C,D). In conclusion, 
these experiments provide evidence for the formation of 
L A M P : O B C A M  and LAMP:CEPU-1 heterodimers in cis, 
suggesting that each IgLON protein is a subunit of a 
heterodimeric glycoprotein formed from two GPI-anchored 
polypeptide chains.
It cannot be determined from these experiments whether 
CEPU-1 : O B C A M  dimers in cis are also formed. Therefore, we 
prepared C H O  cell lines stably expressing both aCEPU-1 and 
O B C A M  (CO-CHO). C O - C H O  cells expressed both O B C A M  
and CEPU-1, as shown by immunofluorescence and dot blots 
(data not shown). W e  tested the ability of these cells to modify 
neurite outgrowth from C G C s  compared with the C H O  cells 
expressing aCEPU-1, (3CEPU-1 or O B C A M  alone. Outgrowth 
on wild-type or LAMP-, O B C A M -  and aCEPU-1- or PCEPU- 
1 - expressing C H O  cells varied between 28.6% and 34.6%, and 
the differences were not statistically significant. Outgrowth on 
the C O - C H O  cells was 17.4%, a reduction of 4 5 %  from the 
average of the a C E P U - 1 - C H O  and O B C A M - C H O  values, 
respectively (Fig. 8A). Thus, co-expression of CEPU-1 and 
O B C A M  on C H O  cells resulted in activity not seen with either 
alone. W e  propose that CEPU-1 : O B C A M  dimers are the 
functional molecule, and their ability to inhibit neurite 
outgrowth is reminiscent of the activity originally observed 
with the mixture of IgLONs (GP55) (Clarke and Moss, 1994; 
Wilson et al., 1996).
Although initiation of neurite outgrowth is blocked in some 
CGCs, approximately 17% do still extend neurites. To test 
whether neurite extension is affected by CEPU-1: O B C A M  
dimers in these neurons, we compared the lengths of the 
neurites grown on wild-type, CEPU-1-CHO, O B C A M - C H O  
and C O - C H O  cells. C E PU -1 -C HO and C O - C H O  cells showed 
a small reduction in neurite length compared with the wild 
type, and neurites on O B C A M - C H O  cells were slightly longer 
(Fig. 8B). Nevertheless, these differences are small and the
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F ig . 7 . H e te ro d im e ric  p ro te in s  fo rm  o n  th e  su rface  o f  C H O  ce lls  ex p re ss in g  L A M P  a n d  e ith e r  O B C A M  o r  C E P U -1. (A ) E x p re ss io n  o f  L A M P  
in  O B C A M -C H O  ce lls  d e s tab iliz e d  th e  su rface  b in d in g  o f  L A M P -F c . T h e  a rro w e d  ce ll, id en tified  b y  G F P  f lu o rescen ce , sh o w ed  e s sen tia lly  no  
sta in in g  fo r L A M P -F c  d e sp ite  its  ro u n d ed , p h ase -b rig h t m o rp h o lo g y . N o tice  c e lls  in d ica ted  w ith  a rro w h e ad s  th a t w e re  a lso  p h a se  b r ig h t an d  
sta in ed  in te n se ly  w ith  L A M P -F c . E x p re ss io n  o f  L A M P  on  th e  ce ll su rface  re su lts  in  se q u estra tio n  o f  free  O B C A M  in to  L A M P :O B C A M  
d im ers, le av in g  n o  d e tec tab le  O B C A M  m o n o m ers  o r  h o m o d im ers . (B ) E x p re ss io n  o f  L A M P  in O B C A M -C H O  ce lls  p ro d u ced  a  sm a ll in c rease  
in  f lu o rescen ce  in ten s ity  w h en  sta in ed  w ith  O B C A M -F c , p o ss ib ly  o w in g  to  in c rea se d  a ffin ity  fo r L A M P :O B C A M  d im ers  o r  o v e rex p re ss io n  o f  
LA M P. S im ila r  re su lts  w e re  o b se rv ed  fo r C E P U -l-F c  (d a ta  n o t sh o w n ). (C ) E x p re ss io n  o f  L A M P  in  C E P U -l-C H O  ce lls  a lso  re su lted  in lo ss  o f  
L A M P -F c b in d in g  (a rro w ). T h is  is ex p la in ed  by  th e  fo rm a tio n  o f  L A M P :C E P U -1  d im ers  in  c is , w h ich  d e s tab iliz e s  th e  b in d in g  o f  L A M P -F c . 
(D ) O B C A M -F c  b in d in g  in c reased  a s  a  re su lt o f  L A M P  e x p re ss io n , ag a in  b ecau se  o f  th e  g re a te r  affin ity  o f  O B C A M -F c  fo r  th e  h e tc ro d im cr 
an d /o r  the  o v e rex p re ss io n  o f  L A M P. S im ila r  re su lts  w e re  o b se rv ed  fo r C E P U -l-F c  (d a ta  n o t show n). B ar, 25  p m .
most striking activity of the C E P U - 1 : 0 B C A M  dimer is the 
inhibition of neurite outgrowth from a subpopulation of CGCs.
Based on affinity, L A M P  dimers should interact with CEPU- 
1 : O B C A M  dimers. Surprisingly, LA M P - F c  did not bind to the 
C O - C H O  cells in the cell-based ELISA any better than to the 
L A M P - C H O  cells, and binding was significantly worse than to 
the C E P U - l - C H O  or O B C A M - C H O  cells (Fig. 8C). This 
provides further evidence that CEPU-1 and O B C A M  exist 
principally as heterodimers on the surface of the C H O  cells and
suggests that, upon dimerization, one or both subunits either 
have their binding site for L A M P  obscured or adopt a different 
conformation. In conclusion, CEPU-1 : O B C A M  dimers might 
also exist on the surface of CGC, but LA MP -F c binding is not 
stabilized.
Discussion
W e  started with the observation that recombinant LA MP -F c
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Fig. 8. C E P U -l/O B C A M -c x p rc s s in g  C H O  ce lls  in h ib it n cu ritc  o u tg ro w th  from  
C G C s. C G C s w e re  se ed ed  a t 1x10s ce lls  p e r  w e ll o n to  c o n flu en t C H O  cell 
m o n o lay ers g ro w in g  on  co v ers lip s  an d  in cu b a ted  a t 3 7 °C  in  a  5%  C O 2  a tm o sp h e re  
fo r 28-31 h o rn s . C e lls  w e re  fixed , p e rm eab iliz ed  an d  s ta in e d  w ith  ch ick en -G A P -4 3  
an tibody  to  id e n tify  th e  n eu ro n s. (A ) A t leas t 100 ind iv id u a l n e u ro n s  w ere  co u n ted  
p e r c o v crslip , co m p a r in g  th e  n u m b er w ith  an d  w ith o u t n eu rite s . C O -C H O  ce lls  
inh ib ited  th e  n u m b e r  o f  n e u ro n s  th a t h ad  ex ten d ed  n c u rite s  by  4 0 %  (w ith  re sp ec t to  
w ild -type  C H O  ce lls )  an d  4 5 %  (w ith  re sp ec t to  th e  av e rag e  o f  th e  C E P U -1  - an d  
O B C A M -ex p re ss in g  ce ll lin es) (« = 5 ). *P < 0 .001  c o m p ared  w ith  C E P U -1 - o r  
O B C A M -ex p re ss in g  C H O  ce lls  an d  P < 0 .0 2  c o m p ared  w ith  w ild -ty p e  C H O  cells . 
(B) A t le a s t 2 2 0  ran d o m  n eu rite s  g rea te r  th an  1 0 |tm  lo n g  w e re  m easu red  p e r  C H O  
cell line  u s in g  M e tam o rp h . N eu rite s  from  C G C s se ed ed  on  O B C A M -C H O  w ere 
slightly  lo n g e r  an d  th o se  on  C E PU -1 - and  C O -C H O  s lig h tly  sho rte r, respec tive ly , 
than  th o se  fro m  C G C s seed ed  on  w ild -ty p e  C H O  ce lls  («= 5). (C ) C H O  ce ll lines 
w ere g ro w n  in  a  9 6 -w e ll p la te  and  in cu b a ted  w ith  1 | ig  m l-1 L A M P -F c . L A M P -F c 
bound w e ll to  C E P U -1  - a n d  O B C A M -ex p re ss in g  C H O  ce lls , b u t its a ffin ity  fo r C O - 
C H O  ce lls  w as  c o m p a ra b le  to  th a t o f  th e  L A M P -C H O  cells.
does not bind to the surface of neurons. This was contrary to 
predictions based on previous studies that showed homo- and 
heterophilic binding of almost all members of the family. This 
prompted careful analysis of the relative affinities of both 
homo- and heterophilic IgLON interactions in trans and 
allowed us to generate a hierarchy in which LAMP/CEPU-1 
and L A M P / O B C A M  interactions have the highest affinity. 
Heterophilic interactions between CEPU-1 and O B C A M  
have lower affinity, falling between those observed for the 
homophilic interactions CEPU-l/CEPU-1 and O B C A M /  
O B C A M .  L A M P / L A M P  shows the lowest affinity of any 
combination tested. These experiments used a L A M P  and 
PCEPU-1, and it remains to be determined whether the 
inclusion of the P exon modifies either homo- or heterophilic 
interactions for L A M P  or CEPU-1. It is interesting that initial 
studies of chick Kilon (Neurotractin) described heterophilic 
interactions between Kilon and CEPU-1, whereas Kilon/ 
L A M P  interactions were considerably weaker and no evidence 
for homophilic interactions of Kilon was presented (Marg 
et al., 1999). In addition, recent chemical cross-linking 
experiments on rat cerebral cortex provide evidence for Kilon- 
O B C A M  heterophilic complexes (Miyata et al., 2003). Thus, 
homophilic interactions of O B C A M ,  L A M P  and Kilon appear 
to be relatively unimportant compared with their heterophilic
interactions, and only CEPU-1 (Neurotrimin) might act as a 
homophilic C A M .
The key conclusion of this paper is that IgLONs form and 
function as heterophilic dimers in the plane of the membrane. 
W e  propose that each IgLON protein is predominantly a 
subunit of a heterodimeric adhesion molecule (Fig. 9). For 
simplicity, w e  have termed the heterodimeric proteins 
‘Diglons’ (dimeric IgLONs) and the different potential 
combinations are shown. W e  used the homodimeric 
recombinant proteins to assay the formation of some 
heterodimers [i.e. L A M P : O B C A M  (Diglon-LO) and 
LA MP :C EP U- 1 (Diglon-LC)] in the plane of the membrane. 
W h e n  L A M P  is introduced into the O B C A M - C H O  cells (by 
transient transfection), O B C A M : L A M P  dimers form and 
LA M P - F c  binding is no longer stabilized. These results 
suggest there is little free O B C A M  available to form 
homodimers and that L A M P : O B C A M  dimers are sufficiently 
stable to prevent L A M P - F c  from sequestering the O B C A M .  
The conclusion is that heterodimers form in the absence of 
external stimuli such as cell-cell interactions and despite the 
addition of chimaeric proteins that would otherwise stimulate 
the formation of homodimers. Furthermore, LA M P - F c  is 
unable to form a stable complex by cross-linking O B C A M  
from two different L A M P : O B C A M  dimers. Similar
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experiments revealed the formation of LA MP :C EP U- 1 dimers. 
It was not possible to determine whether C E P U - l : O B C A M  
dimers form using this approach, but a cell line expressing both 
IgLONs inhibited neurite outgrowth from CGC, an activity not 
seen with either molecule alone. Previous experiments in 
which D R G  neurons were grown on a mixture of LAMP-, 
O B C A M -  and CEPU-l-Fc proteins combined with laminin 
also showed no inhibitory activity (McNamee et al., 2002). 
This suggests that simply mixing CEPU-1 and O B C A M  
together, without the option of forming dimers, is insufficient 
to generate activity. Furthermore, L A M P - F c  failed to bind to 
the C O - C H O  cells, a result best explained by the formation of 
a heterodimer. W e  have not tested the ability of Kilon to form 
heterodimers in cis but, based on the information about its trans 
interactions, w e  suggest that Kilon will also form heterodimers 
with CEPU-1, L A M P  and O B C A M .  W e  can now explain why 
L A M P  and O B C A M - F c  do not bind detectably to the surface 
of neurons. L A M P - F c  will not bind to Diglon-LO, -LC or -CO, 
presumably because of steric hindrance or conformational 
changes. W e  propose that LA MP -F c will not bind to Diglon- 
KO, - K C  and -LK for similar reasons. Thus, the only
Diglon-LK
F ig . 9 . P ro p o sed  IgL O N  an d  D ig lo n  C A M s. W e h av e  
sh o w n  th a t L A M P  asso c ia te s  in  c is  w ith  e ith e r 
O B C A M  o r  C E P U -1 , and  th a t C E P U -1 an d  O B C A M  
a ls o  a sso c ia te  in c is; w e  a lso  p ro p o se  th a t th e  sam e 
co m b in a tio n s  m ig h t b e  p o ss ib le  fo r K ilon . (A ) T h e  
p ro p o se d  d im eric  Ig L O N s (D ig lo n s). (B ) D ig lo n -L O  
m ig h t, in  p rin c ip le , b in d  to  o n e  o r  m o re  o f  th e  o th e r  
D ig lo n s. (C ) It is  u n c le a r  w h e th e r  Ig L O N s w ill a lso  
fu n c tio n  as in d ep en d en t C A M s; th is  w ill b e  th e  case  
i f  c e lls  ex p ress  o n ly  o n e  m e m b e r  o f  th e  fam ily  o r  
u n eq u a l am o u n ts  o f  tw o  o r  m o re  Ig L O N s. B ased  on  
th e  re su lts  p resen ted  here , th e  m o s t likely  
co m b in a tio n s  a re  show n. L A M P  and  O B C A M  are  
u n lik e ly  to  func tion  a s  h o m o p h ilic  C A M s, b u t a  ce ll 
e x p re ss in g  o n ly  L A M P  w ill ad h e re  e ffec tiv e ly  to  an  
ad jacen t c e ll ex p re ss in g  o n ly  O B C A M  o r  C E P U -1 . I t rem a in s  to  
b e  se en  w h e th e r  C E P U -1  is u n iq u e  in  ac tin g  a s  a  h o m o p h ilic  
C A M  o r  w h e th e r  th is  is  an  activ ity  re s tr ic ted  to  th e  m in o r  iso fo rm s 
o f  C E PU -1 (an d  L A M P ) th a t have a  (3 exon .
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homodimeric protein that does bind to neurons is CEPU-1 - 
Fc, suggesting that CEPU-1 might be the only IgLON to 
form homodimers.
The proposal that GPI-anchored proteins form a 
heterodimeric membrane protein is novel. Previous work 
and current theories suggest that GPI-anchored 
glycoproteins are introduced into the plasma membrane as 
monomers, possibly in lipid shells, which then cluster in 
lipid raffs (Anderson and Jacobson, 2002; Harris and Siu, 
2002). In some cases, this clustering can result in lateral 
associations, leading to dimer formation and the subsequent 
creation of higher-order oligomeric complexes. The 
D ictyostelium  adhesion molecule gp80 oligomerizes in lipid 
rafts (Harris et al., 2001), and axonin-1 is thought to form 
an adhesion lattice by homophilic cis and trans interactions 
(Freigang et al., 2000; Kunz et al., 2002). The typical size 
and stability of lipid rafts is contentious, but recent proposals 
that raffs are less than 5 n m  in size and contain three to four 
GPI-anchored proteins of more than one molecular species 
are particularly interesting and fit well with our data (Sharma 
et al., 2004). Axonin-1/TAG-1 also forms interactions in cis 
with the transmembrane glycoproteins N g C A M  (Kunz et al., 
1998) and LI (Malhotra et al., 1998), and this is a co mm on 
theme, because it provides a mechanism for GPI-anchored 
glycoproteins to signal intracellularly (Castellani et al., 2002; 
Malhotra et al., 1998; Olive et al., 1995; Tansey et al., 2000). 
In these cases, it is not clear whether the binding partner is 
selected on the cell surface depending on the partners 
expressed and/or in response to external stimuli. Our evidence 
raises the possibility that IgLONs might form into 
heterodimeric proteins in vesicles before arrival at the cell 
surface, and the option to form homodimers is unavailable.
In early experiments, GP55 inhibited the initiation of neurite 
outgrowth from 100% of D R G  neurons. GP55 consisted of a 
mixture of all the IgLONs in adult chick brain, so it is likely 
that all the Diglons were present. Here, w e  have tested the 
activity of Diglon-CO and shown that it blocks initiation of 
neurite outgrowth from a subpopulation of CGCs. Other 
Diglons might act on different subpopulations, and it will be 
interesting to assay the relative expression of each IgLON 
subunit in individual CGCs. The neurites that do grow on 
Diglon-CO-expressing cells are slightly shorter than neurites
on wild-type and O B C A M - C H O  cells, but the lengths are 
similar to those on C E P U - l - C H O  cells alone. Thus, the 
blocking of neurite outgrowth initiation is the most prominent 
activity of Diglon-CO. However, it remains to be seen whether 
established growth cones from neurons that do respond to 
Diglon-CO will also be inhibited. The molecular identity of the 
receptor on C G C  is not known, although a Diglon rather than 
an IgLON is the most likely candidate. The results described 
in this paper will substantially change the way in which the 
activities of the I g LO N family are investigated. Cell lines 
expressing two or more members of the family and 
heterodimeric recombinant proteins will be required to 
characterize the involvement of IgLONs in initiation and 
guidance of axons, cell-cell recognition and control of cell 
division.
It is now crucial to investigate the complement of IgLONs 
expressed on the surface of individual cells in order to 
determine which Diglons are present and, where more than two 
IgLON subunits are expressed, which combinations are 
preferred. Is the expression of the different gene products 
coordinated or can L A M P - O B C A M  heterodimers exist 
alongside excess O B C A M ?  In Fig. 9, we suggest that the four 
IgLONs might form six Diglons, each of which might interact 
with itself or one or more of the other five Diglons. In addition, 
if some cells do express a single IgLON, each member of the 
family has a choice of two (or, in the case of CEPU-1, three) 
other IgLONs that it might interact with. The putative 
transmembrane receptor that Diglons or IgLONs interact with 
in cis has not yet been identified but, depending on whether 
there is a single receptor or several related receptors, the 
IgLONs and Diglons might mediate a considerable range of 
cellular responses.
The experiments described here are particularly timely, 
because recent reports that IgLONs are expressed beyond the 
nervous system and that O B C A M  might act as a tumour 
suppressor gene (Sellar et al., 2003) will increase the potential 
roles of IgLON family proteins beyond the development and 
function of the nervous system to include development of other 
tissues and organs, and oncogenesis.
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